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Soil Water Depletion by Pine and Hardwood 


Stands During a Dry Season 


‘THORNTHWAITE (1945, 1948), Mather 
(1950), Stone (1952), and others have 
implied that, for a given climatic zone and 
within broad vegetative types, evapo-trans- 
piration is independent of the specific char- 
acter of plant cover. A recent study in 
southeastern Arkansas substantiates this 
theory in that the soils of two well-forested 
areas of different species, but similar in cli- 
mate, stocking, and site, were depleted of 
water at approximately the same rate. 


The Problem 


For a given climatic condition, and in a 
fixed soil and topographic situation, the rate 
at which water is removed from the ground 
depends on the transpiring effectiveness of 
the crown canopy and upon the distribution 
of roots in the soil. Since the rooting hab- 
its and leaf surfaces of different species are 
inherently different, it might appear that 
a stand of broadleaf species would not 
transpire the same amount of water as an 
equivalent stand of pine. 

Comparisons of transpiration among 
different species has in the past been lim- 
ited largely to individual trees or potted 
seedlings. Minckler (1939), for example, 
measured transpiration from a number of 
representative branches of large forest 
trees. When he applied his results to for- 
est stands, they suggested that a red maple 
forest might transpire more than twice as 
much water as a white pine forest with 
trees of comparable size. 
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ROBERT ZAHNER 


Kramer (1952) points out that labora- 
tory studies have shown that pines may 
transpire less rapidly than oaks, per unit of 
leaf area. However, he noted that this re- 
lationship might be reversed by differences 
in total leaf area among species. 

Stone (1952) questions the effect of 
species differences on rates of water loss 
when soil moisture is not limiting. But 
he concedes that, after the soil has dried 
somewhat, differences in rooting habits are 
probably reflected by differences in water 
loss. He further points out that recent in- 
vestigations by climatologists suggest that 
the rate of evapo-transpiration is regu- 
lated primarily by the solar radiation ab- 
sorbed by a land area. 

Moyle and Zahner (1954), working 
on the Crossett Experimental Forest in 
southern Arkansas, found that a young 
even-aged hardwood stand, an all-aged 
hardwood stand, and an_ all-aged pine 
stand each removed about the same 
amount of water from the ground over the 
same period of time. However, density of 
stocking, basal area, and understory were 
not uniform among the three stands 
studied, 


The Experiment 


To supplement the original work of Moyle 

The author is a Soil Scientist at the South- 
ern Forest Experiment Station, Forest Service, 
U. S. Department of Agriculture. 
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and Zahner, rates of soil water depletion by 
forests of pure pine and of pure hardwood 
were measured during the summer of 
1954. In this study, stand and site condi- 
tions of each forest type were kept as simi- 
lar as possible. 

The object was to measure the rates of 
soil water loss through a_ broad-leaved 
canopy and through a canopy of pine. 
Transpiration was not measured directly, 
but was assumed to be the primary agency 
in soil moisture depletion under the condi- 
tions studied. 

Study areas. On the Crossett Experimen- 
tal Forest two 50- by 50-foot plots were 
established in a hardwood stand and two in 
a pine stand. Plots were selected so that 
the numbers and sizes of the stems on each 
were as equal as possible (Table 1, Fig. 1). 
1 35-year- 
old even-aged, well-stocked stand of south- 
ern red oak (Quercus falcata Michx.) 


The hardwood plots were in 


oR 
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FIGURE 


1. Left: the pure pine area. 








post oak (Q. stellata Wangenh.), and 
blackjack oak (Q. marilandica Munenchh. ). 
The stand is being managed for the pro- 


duction of sawlogs, with southern red oak 
the favored species. One thinning for 
chemical wood was made 5 years ago. 

The pine plots were in a 20-year-old 
even-aged stand of loblolly (Pinus taeda 
L.) and shortleaf (P. echinata Mill.) pine. 
The stand had originated as natural repro- 
duction. It had been released from over- 
topping hardwoods at 5 years of age and 
lightly thinned for pulpwood at age 14. 

Both the hardwood and the pine tracts 
had been free of any cutting for at least 5 
years prior to 1954. Neither had ever been 
completely cleared of forest cover. The 
understory on both areas consisted of a 
sparse distribution of Crataegus, Vaccin- 
tum, and other shrubs. The litter had been 
free of disturbance by fire and excessive 
grazing for many years. 


omy. > “rhe 





Right: the pure hardwood area, 


volume 1, number 4,1955 / 259 





TABLE 1. Stand data for the four study plots." 


Type Plot Stems Basal Average Age 
area d.b.h. 

Vumber Sq. ft. Inche Year 
Pine 1 24 ape 6.3 17-18 
2 26 5.6 6.3 18—20 
Hardwood 1 21 5.7 fan 35-39 
2 24 4.7 6.0 25-35 

'Rased on trees 3.6 inches d.b.h. and larger on each 50- by 50-foot plot. 


‘Topography was of the “upland flat- 

woods” type, with imperfect surface drain- 
age. ‘The soil under all 4 plots was classi- 
fied as Leshe’ silt loam. ‘This soil is char- 
acterized by a dark grey silt loam surface 
soil which grades into a yellow silt loam 
subsoil at from 8 to 12 inches. A pan of 
mottled grey-yellow silt loam exists at 
about 24 inches. Internal drainage is slow. 
Table 2 summarizes soil profile data for 
the 4 plots. Loblolly pine site index for 
Leshe soil on imperfectly drained sites is 
about 90 feet at age 50. 
Sampling methods. Soil moisture was sam- 
pled weekly beginning on May 19 and 
continuing through September 8, 1954. 
On each sampling date, four points were 
located within a plot, and a hammer-driven 
tube sampler was employed as described by 
Olson and, Hoover (1954). The 6- to 
12-inch depth and the 36- to 42-inch 
depth were sampled on one pine and one 
hardwood plot every week and on both 
pine and both hardwood plots every other 
week. The 21- to 27-inch depth was sam- 
pled every two weeks on one pine and one 
hardwood plot, and every four weeks on 
all plots. The 54- to 60-inch depth was 
sampled every four weeks on one pine and 
one hardwood plot, and every eight weeks 
on all plots. No samples were taken from 
the surface-to-6-inch depth because the 
moisture content of this layer fluctuates so 
greatly with occasional showers. 

‘Series tentatively assigned pending corre- 
lation. 
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Ramfall. Rainfall was recorded daily. 
Gages were placed in open areas near each 
stand. 

May rainfall was more than twice the 

normal of 4.14 inches. From May 27 to 
July 19, however, only two small showers 
of less than 0.30 inch each were recorded. 
A severe drouth was therefore felt in late 
June and half of July. On July 19-20, 
3.17 inches fell on the hardwood area, 
wetting the soil to a depth of 14 inches; 
and 1.67 inches fell on the pine area, the 
water reaching a soil depth of 8 inches. 
Thereafter conditions were again dry, ex- 
cept that on August 27 1.14 inches fell on 
the pine area and 0.57 inch on the hard- 
wood area. 
Measurements and analyses. Moisture con- 
tents were determined gravimetrically on 
an oven-dry weight basis, then converted 
to inches of available water per 6-inch 
layer of soil. Available water was com- 
puted as the field moisture content minus 
the moisture content at wilting point. 

Since the high May rainfall kept the soil 
at field capacity until June 2, observations 
prior to this date were not considered in 
the analysis of depletion rates. 

Plotting soil moisture over time indi- 
cated that for a given depth there was no 
difference in rate of depletion between the 
two hardwood plots or between the two 
pine plots. Hence plot data were sum- 
marized by species and depths to facilitate 
comparisons between pine and hardwood. 

These comparisons were made by con- 
sidering depletion rates within one depth 





Soil 
depth Forest Composition 
(inches) type Plo Sand Silt 
Per 

6—12 Pine l 32 52 
2 22 63 

Hardwood 1 18 64 

2 19 64 

21-27 Pine 1 30 48 
2 22 58 

Hardwood 1 19 57 

2 18 39 

36—42 Pine 1 3] 45 
> 34 Se = 

Hardwood l 19 35 

2 18 57 

54-60 Pine I 29 49 
2 21 58 

Hardwood 1 17 59 

2 16 60 


lAverage of four replications with 250 cc. 


“Determined at 15 atmospheres pressure in 


3Per 6-inch layer. 


zone at a time. For the 21- to 27-inch 
depth and the 36- to 42-inch depth the 
observed relationships between soil mois- 
ture and time were described by fitting a 
function of the form 
Y = bo + bi x _ be > 

In this formula Y is inches of available wa- 
ter per 6-inch layer of soil and X is the 
number of weeks after the beginning of 
depletion. 

The parabolic function was selected be- 
cause it simplified comparison of depletion 
rates, was easy to calculate, and fitted the 
data closely. Its use does not imply that 
this type of function expresses the true re- 
lationship between moisture depletion and 
time. After these functions had been fitted 
the species depletion rates were compared 
statistically by an analysis of the regression 
coefficients. 


The above technique was not used for 
either the 6- to 12-inch or the 54- to 60- 
inch depths. In the 6- to 12-inch depth the 


TABLE 2. Physical properties of the soils at four depths. 


indisturbec 


1 pressure 





Moisture constants 


Bulk 60 cm. Wilting 

Cla Density! tension point™ 
Incl ft cat ga 
16 1.49 1.87 0.43 
15 1.49 1.79 42 
18 1.51 2.13 53 
17 1.51 2.11 49 
aa 1.55 1.97 67 
20 1.56 1.93 66 
24 1.60 2.35 $2 
23 1.59 2.30 76 
24 1.56 1.99 81 
21 1.58 1.93 78 
26 1.60 2.29 92 
25 1.55 2.19 89 
22 i.52 72 
21 1.51 68 
24 1.55 4 
24 1.53 R84 
cores. 


-membrane cell. 


depletion trend was interrupted by the rain 
of July 19-20. For the 54- to 60-inch 
depth the sampling system employed did 
not provide enough observations to warrant 
For both 
of these depths only visual comparison of 


statistical treatment of the data. 


eye-fitted curves was attempted. 
Results 


Species. For the 21- to 27-inch and the 
36- to 42-inch depths there was no signifi- 
cant difference between species in the rate 
of soil-moisture depletion over the 14-week 
period. Though not subject to rigid anal- 
ysis, the data indicate that similar trends 
exist in the 6- to 12-inch and the 54- to 
60-inch layers. 

A very obvious feature of the data is that 
the depletion curves for the hardwood 


not coincide with those for the 
2) 


stands do 
pine (Fig. The lack of coincidence is 
due to differences in storage capacity aris- 
ing from inherent differences in soil tex- 
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ture and structure. Because of their greater 
storage capacity, the soils under the hard- 
wood stands lagged about one week be- 
hind the pine soils in stage of moisture de- 
pletion. The difference in storage capacity 
did not affect the rate of depletion, but it 
did cause the depletion curve for the pine 
sites to level off (near the wilting point) 
one week earlier than the hardwood curve. 
Depths. On the assumption of equal rates 
of depletion for the two species, the data 
were combined to provide a single deple- 
tion equation for each depth. The one- 
week lag in depletion of the hardwood sites 
was removed by substituting (X + 1) for 
(X) in the pine data. The combined equa- 
tions for the various depths are as follows 
(Y = inches of available water per 6-inch 
layer; X 


of depletion ) : 


number of weeks after start 


(1) 6- to 12-inch layer 
>= 1.70 — 0.356X 


l- 27-inch layer 
== 161 — 0.245% 


af 


0.0188 X" 


¥ 
(Z).2 
Y 0.0093 X? 


an 


(3) 36- to 41-inch layer 
2. = 132 —0473% 
(4) 54- to 60-inch layer 
Y = 1.06 — 0.138X 


0:0057X" 


0.0062X- 


In Figure 3, points calculated by these 


+ 
| 


equations have been plotted to indicate the 
total water loss at a given depth at a given 
time after the start of depletion. The 
depths below 3 feet lost water at about half 
the rate of the surface depths. However, 
all depths were reduced to, or near, wilting 
point during the study. The 6- to 12-inch 
depth was near wilting point by mid-July 
and the lower depths by mid-August. 
Hoover, Olson, and Greene (1953) re- 
ported that an 11-year-old loblolly pine 
plantation in South Carolina removed wa- 
ter from a depth of 54 to 66 inches at 
about the same rate as from shallower 
depths. This plantation, however, was on 
a well-drained Piedmont soil, where aera- 
tion was evidently not so-limiting to root 
growth as it is in the Leshe soil at Crossett. 
Aeration in Leshe soil is poor during pe- 
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riods of excess water in spring, and tree 
roots are not extensively developed in and 
below the silt loam pan. 

Aldrich, Work, and Lewis (1935) re- 
ported correlations between relative root 
concentration and moisture extraction from 
corresponding depths on a poorly aerated 
heavy clay soil. Roots of pear trees re- 
moved twice as much water from the sur- 
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FIGURE 2. Soil-moisture depletion from 


pine and hardwood stands. Each plotted point 
is average of four field observations. 


face foot of soil as from the 3- to 4-foot 
layer. 

Because of the progressively fewer 
roots with depth, the additional water in 
the lower layers in July may have been 
largely unavailable to the trees. As Kra- 
mer (1949) points out, soil in contact with 
tree roots may be at wilting point, while 
soil at the same depth but a few centimeters 
away from roots will remain near field ca- 
pacity. Sampling such a soil would yield an 
average moisture content well above wilt- 
ing point. In the present study, the trend 
of the 6- to 12-inch layer was perhaps 
more indicative of the availability of water 
in the whole profile than the depletion 
rates at the lower depths would lead one to 
believe. 

Total depletion. By means of equations 
(1) through (3), it was estimated that the 
water loss from the upper 48 inches of soil 
in either the pine or hardwood stand was 
about 0.19 inch per day for the 6-week 
period following June 2. This rate is al- 





WATER REMOVED PER 6-/NCH LAYER OF SOIL (INCHES) 


| 2 3 4 5 
WEEKS AFTER DEPLETION BEGINS 


FIGURE 3. Initial 6 weeks of water losses 
from the four depths sampled. 


most identical to the estimate of 0.20 inch 
made by Moyle and Zahner (1954) for 
forested areas on similar sites for the same 
period in 1953. 

The total loss of moisture from the en- 
tire profile is estimated to have been about 
().25 inch per day for the first 6 weeks of 
the study. ‘This estimate is based on the 
assumptions that equation (4) represents 
the depletion from the soil layer between 
48 and 66 inches and that half this rate 
prevailed from 66 to 72 inches. Depletion 
below 6 feet was considered to be negligi- 
ble in the soil type under study. 

Mather 


(1950) defines potential evapo-transpira- 


Potential evapo - transpiration. 


tion as the amount of water that will be 
lost from a land surface completely covered 
with vegetation if there is sufficient water 
in the soil at all times for the use of the 
vegetation. Calculations of the potential 
evapo-transpiration (‘Thornthwaite, 1948) 
for the Crossett area” give a value of some- 
thing less than (0.22 inch of water daily for 
June and July 1954. The closeness of 
this value to the initial rate of depletion ob- 
tained in the present study hints that even 
soil and topography have little bearing on 
evapo-transpiration within the same cli- 
matic area when the soil is moist. 


Summary 


A study in southern Arkansas measured 
the depletion of soil water by even-aged 
stands of upland oaks and of loblolly-short- 
leaf pine. Stand and site conditions were 
similar for both species groups. Four soil 
depths to 60 inches were periodically sam- 
pled during the hot, dry summer of 1954. 

Data indicated little difference in rate of 
loss between the two stands for correspond- 
ing depths. 


*Thornthwaite’s equation for potential 
eVapo-transpiration is based on a heat index 
calculated from mean monthly temperatures 
and corrected for the length of day of the 


period under consideration. 
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Between depths there were marked dif- 
ferences independent of species. In both 
stands, layers below 3 feet lost water at 
about half the rate of the upper layers. 
For the 6 weeks beginning June 2, the 
rate of loss for both forest types was about 
0.19 inch per day from the upper 4 feet of 
soil. This rate coincides with that pre- 
viously reported from well-stocked all-aged 
hardwood and pine stands on similar sites. 
The estimated initial loss of 0.25 inch 
per day from the entire soil profile agrees 
closely with the potential evapo-transpira- 
tion for the Crossett area as calculated 
from Thornthwaite’s formula. These 
agreements support theories that evapo- 
transpiration within a given climatic area 
is independent of the type of forest cover. 
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Moisture Content o f Oaks and Mat Formation 


by the Oak Wilt Fungus 


Endocomdiophora fagacearum Bretz, the 
cause of oak wilt, forms spores on my- 
celial mats under the bark of wilted trees 
(Curl e¢ al., 1953). These mats split the 
bark and thus liberate the spores (Leach 
et al., 1952). Hepting (1955) reviews the 
evidence that insects of the Nitidulidae or 
sap beetle family frequent these mats and 
are mainly responsible for carrying spores 
to fresh, bleeding wounds in the spring. 
These mats are the most important and 
probably the only source of inoculum for 
overland spread of the pathogen. 

The purpose of the present study was 
to trace the moisture content of oak sap- 
wood from the time the tree wilted until 
the mycelial mats were formed and thus 
determine the relation between host mois- 
ture content and mat formation. 

Fergus (1953) in Pennsylvania found 
that the moisture content of the sapwood 
of freshly wilted oak trees averaged 49.5 
percent while that of trees on which E. fa- 
gacearum was forming mats averaged 42.5 
percent and ranged from 37.5 to 48.4 per- 
cent. Only 3 trees in each of these 2 cate- 
gories were sampled. He suggested that the 
fungus was stimulated to mat formation 
by the reduction of moisture content in the 
sapwood which increased available oxygen 
for the fungus. 


Materials and Methods 


The trees in this study were northern pin 


oak, Quercus ellipsoidalts E. J. Hill, grow- 


BY 


ROBERT N. CAMPBELL 
DAVID W. FRENCH 


ing in the vicintiy of St. Paul, Minnesota. 
‘These trees ranged from 3 to 9 inches 
d.b.h. In the early part of this study the 
wilting and mat-bearing trees were natu- 
rally infected. Beginning in June, 1954, 
diseased trees were those which had been 
inoculated during the winter of 1953-54. 
‘These trees were inoculated with a concen- 
trated spore suspension injected into the 
butt of the tree. 

When sampling for moisture content, 
the trees were felled and the limbs removed 
immediately to reduce any loss from trans- 
piration. Disks were cut from healthy trees 
at 1% and 5 feet above the ground and 
every 5 feet thereafter to a top diameter of 
1% to 3 inches. The same method was 
used for diseased trees, except that when 
mats were present, disks were cut through 
them and at 5 foot intervals to the top. 

The disks were about 1% inches thick. 
‘Two pairs of sapwood and outer heartwood 
samples were taken from opposite sides of 
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TABLE 1. The average moisture contenis (percentage on wet weight basis) of 
sapwood and heartwood of healthy northern pin oaks in different stages of growth. 


Tree Condition 


Tree Dormant 


Budding Growing Resting 
No. Sapwood Heartwood Sapwood Heartwood Sapwood Heartwood Sapwood Heartwood 
Percent 

] 40.7 47.6 41.0 42.6 44.0 43.5 39.8 45.0 

2 43.6 46.4 40.0 44.7 47.3 46.2 42.7 44.0 

3 42.5 49.0 40.3 44.0 44.3 44.4 42.6 46.2 

4 40.0 44.9 42.6 45.2 46.1 49.5 40.9 46.2 

5 38.8 46.0 40.0 41.8 46.3 46.1 41.0 45.2 

6 38.3 42.4 40.8 44.1 38.1 45.6 

7 39.0 45.6 40.4 46.1 

8 37.6 42.1 

9 40.1 42.7 

10 37.6 43.7 

11 39.5 43.4 

12 39.5 43.6 

13 37.4 41.7 
Mean 39.61 44.55 40.78 43.73 45.60 45.94 40.78 45.47 
Analysis of variance for sapwood moisture content of healthy trees 

Degrees of Mean F at 1% 

Source freedom Square F level 
Between averages for each tree condition 3 381.58 25.42 4.60 
Between trees within each tree condition 27 15.01 8.63 1.88 
Between samples within trees 249 1.74 
Total 279 

each disk. ‘The sapwood sample consisted weighed. ‘The moisture contents were 


of the entire sapwood for about 2 inches of calculated on the basis of the wet weight of 


the circumference of the disk or enough to the wood. These can be converted to oven- 
dry basis graphically (McMillen, 1950). 

The radial thickness of the sapwood of 
these trees ranged from 3%; to 34 inch with 
most of them in the range from 44 to % 
inch. The number of annual rings included 
in the sapwood varied from 2 to 9 but most 


of the trees had from 3 to 5 rings. 


give a sample weighing at least 20 grams. 
If a sample was taken from 
all surface growth of the fungus was 
scraped off first. A sample of about the 
same size was taken from the underlying 
heartwood. In this paper, outer heartwood 
moisture content is referred to as heart- 
wood moisture content. 


under a mat, 


Seasonal Changes in Sapwood 


As soon as a sample was chipped from 
Moisture Content 


the disk, it was placed in a seamless tin box. 





On returning to the laboratory, the cans 
were weighed to within 0.01 gram. The 
rate of water loss from these cans during 
transit was found to be much less than 0.01 
gram per hour. The samples were oven 
dried to constant weight at 105°C and re- 
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The moisture contents of 31 healthy trees 
have been determined, representing all 
phases of growth (Table 1). The sapwood 
moisture content within a given tree was 
constant throughout the length of the bole; 
there was no gradient from top to bottom. 


Fe eee oe le 


TABLE 2. 


The average moisture contents (percentage on wet weight basis) of 


sapwood and heartwood of oaks in different stages of wilt and mat formation as 
compared to condition of healthy trees at time of sampling. 


he rooigratin Condition of diseased trees 
a“ chee Mat-bearing-spring 
diseased trees Wilting Mat-bearing-fall Mat zone Above mat zone Past mats 
were cut Sapwood Heartwood Sapwood Heartwood Sapwood Heartwood Sapw Heartwood Sapwood Heartwood 
Percent 
Growing 45.6 44.5 
48.6 48.5 
46.2 45.5 
48.6 46.0 
46.4 45.9 
46.4 44.5 
44.8 40.3 
50.2 49.3 
48.7 47.7 
Resting, 45.5 44.6 45.2 466 41.6 47.0 39.4 46.0 28.6 38.4 
Dormant, or 45.5 44.5 51.4 49.3 43.5 46.6 40.4 44.7 34.8 2.8 
Budding 46.6 45.9 42.9 46.9 29.8 45.7 
47.9 44.4 37.4 44.9 29.4 39.6 
48.5 49.0 40.5 45.7 2and $2.4 
44.5 46.9 
45.9 3.7 
46.0 45.6 
46.5 47.0 
46.9 44.4 
45.1 42.8 
Mean 46.95 45.57 46.77 45.96 41.00 46.22 34.26 43.77 31.70 40.60 
Analysis of variance for sapwood moisture content of diseased trees 
Degrees of Mean F at 1% 
Source freedom Square F level 
Between averages for diseased condition 4 2,281.51 31.62 4.04 
Between trees within diseased condition 29 7ack5 4.96 .76 
Between samples within individual trees 333 14.53 
Total 366 


The dormant trees were sampled in late 
fall after the leaves had fallen and during 
the winter. Trees that were budding out 
were sampled from May 13 through May 
20, 1954, and from April 26 through 
April 30, 1955. It is not known whether 
radial growth had begun at these times; 
however, the bark slipped easily, indicating 
that cambial activity had begun. The grow- 
ing trees, sampled from June 15 to July 
20, 1954, were considered to be growing 
radially because they were in full leaf, the 
current annual ring did not appear com- 


plete, and the bark stil] slipped easily. Trees 
in the resting condition were those sam- 
pled after July 29, 1954, and before leaf 
fall. During this time, although the leaves 
were green, the bark did not slip and the 
annual ring appeared to be complete. 

A statistical analysis of the sapwood of 
these healthy trees showed a significant dif- 
ference between ‘the tree condition classes 
(Table 1). The difference between the 
sapwood moisture content of growing trees 
and that of each of the other classes was 
shown by a ¢ test to be highly significant. 
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The significant differences shown within 
groups could have arisen from genetic 
variation between trees or differences in 
site, or both. The variance between trees 
within each tree condition group (15.01, 
‘Table 1) is an estimate of the sampling 
variation which must be reckoned with in 
comparing averages of condition groups. 


Effect of Oak Wilt on Sapwood 
Moisture Content 


The moisture contents of 29 trees that 
were wilting or were in various stages of 
mat formation were determined (Table 2). 
The condition of comparable healthy trees 
at the same time is indicated. The mat- 
bearing trees were of 2 types: those bearing 
mats during the fall of the year they wilted, 
and those bearing mats in the spring after 
wilting late the previous summer (Camp- 
bell and French, 1955). The samples from 
trees in the latter group were divided into 
those coming from the lower portion of the 
bole where mats were being produced at 
the time of sampling and those coming 
from above this mat zone. The two trees 
which were past mat production were cut 
and sampled eight months after mats had 
been produced. 

An analysis of variance for the data in 
Table 2 indicated significant differences be- 
tween the sapwood moisture content of trees 
in different diseased conditions. There was no 
difference between wilting trees and those 
bearing mats in the fall. The moisture con- 
tent of the mat-zone of trees bearing mats 
in the spring was shown by a ¢ test to be 
significantly lower than that of trees bear- 
ing mats in the fall. When trees overwin- 
ter in the wilted condition, there is a sig- 
nificant decrease in moisture content even 
in the lower portion of the bole where the 
fungus forms mats the following spring. 

Comparing the data from diseased trees 
to those from healthy trees (Table 1), it 
will be seen that the moisture content of 
the sapwood remains high when the tree 
wilts and bears mats in the same season. A 
t test showed no significant difference be- 
tween sapwood moisture content of grow- 
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ing, healthy trees (45.60 percent, Table 
1) and trees bearing mats in the fall (46.77 
percent, Table 2). 

The 68 sapwood samples taken directly 
under fresh, young to mature mats had an 
average moisture content of 47.6 percent 
with a range from 43.7 to 53.2 percent. 
The moisture content of the heartwood 
samples from these trees averaged 46.6 
percent and ranged from 33.9 to 53.6 per- 
cent. These figures are for trees on which 
mats were borne the same season as wilt- 
ing occurred, 

Seventeen samples were taken directly 
under the fresh mats on trees that were 
producing mats the spring following wilt. 
The sapwood samples averaged 41.4 per- 
cent and ranged from 37.2 to 45.0 per- 
cent. The heartwood samples averaged 
46.3 percent and ranged from 44.9 to 47.8 
percent. 

When comparing the trees of different 
sizes it was noted that the smaller trees 
wilted and passed through the mat-bearing 
stage much more rapidly than did the 
larger trees. Also in larger trees the mois- 
ture content was more variable since the 
top began to dry out while mats were be- 
ing formed on lower parts of the bole. No 
difference was noted between mat-bearing 
trees that were naturally infected through 
root grafts and those that were inoculated 
artificially. 


Discussion 


Although seasonal changes in the moisture 
content of wood have been investigated for 
other tree species, no work appears to have 
been done on any oak species. Due to the 
limited extent of this study, the effect of 
different tree sizes and stand conditions on 
oak moisture content were not determined. 
It has been shown that for part of the year 
the sapwood moisture content was much 
higher than during the remainder of the 
year, and was approximately equal to that 
of the heartwood. In 1954 this period of 
high sapwood moisture content extended 
from before June 15 to between July 20 
and 29. 


pune 


High sapwood moisture content appears 
to be directly related to cambial activity 
and the formation of current annual wood, 
when the tree is fully leafed out. ‘The ob- 
servation that radial growth ceases long be- 
fore leaf fall is supported by dendrometer 
studies on other oak species (Daubenmire 
and Deters, 1947; Eggler, 1955; Fraser, 
personal correspondence, 1955). It has 
been shown that cambial activity generally 
begins when the leaves are developing 
(Daubenmire and Deters, 1947; Eggler, 
1955). It is not known why the sapwood 
moisture contents were not higher during 
budding-out since cambial activity was ob- 
served then. 

The effect of oak wilt on host moisture 
content and the subsequent effect of host 
moisture content on mat formation by the 
pathogen seems to be clearly defined. 
When a tree wilts, the moisture content of 
the sapwood remains for some time at a 
level near that prevailing when the tree is 
growing. Most wilting is observed during 
this period. The continued high moisture 
content probably is due to plugging of the 
vessels by tyloses and gums (Struckmeyer 
et al., 1954) and the subsequent reduction 
in water flow (Beckman et al., 1953). 
The fungus then forms mats while the sap- 
wood moisture content is high. 


As a result of this experiment and addi- 
tional observations on the behavior of the 
fungus it is postulated that for optimum 
mat production the pathogen requires, 
among other things, a high sapwood imois- 
ture content. This is found in trees wilting 
and reaching the mat-bearing stage in the 
same year. Less favorable host moisture 
conditions are found in trees which do not 
reach the mat-producing stage until the 
spring following wilt due to dessication 
during the winter. 

The fact that host moisture content 
would normally be at low levels when trees 
wilt in September (Table 1), and that 
drying out occurs in wilted trees during the 
winter could explain, in conjunction with 
unfavorable seasonal temperatures, the poor 


mat formation observed on trees that wilted 
in September (Campbell and French, 
1955). 

Most of the emphasis in this study has 
been on the sapwood since it has been found 
that the fungus is limited to the sapwood. 
Young (1949) found the fungus restricted 
to the outer 4 inch of sapwood and Henry 
and Riker (1947) found the fungus ex- 
tending into 2-year-old summerwood. Al- 
though only the outer heartwood was sam- 
pled, the results are close to the 47 percent 
given for the entire heartwood (Peck, 
1948). 

Mat formation has been reduced or 
eliminated by felling or deep girdling 
(Boyce, 1954; Morris, 1955). This may 
be due to the reduction of the moisture 
content below that suitable for mat forma- 
tion before the trees reach the mat-produc- 
ing stage. It has been pointed out that gir- 
dling as a means of reducing water content 
is effective only if a complete ring of sap- 
wood is removed (Gibbs, 1939). 


Summary 


During the period from October, 1953, 
through April, 1955, the moisture contents 
of 60 healthy and oak wilt-infected north- 
ern pin oaks were determined in Minne- 
sota. 

There was a seasonal fluctuation in the 
moisture content of the sapwood of healthy 
trees. During the period of radial growth 
the moisture content averaged 45.6 percent 
(wet weight basis), which was approxi- 
mately equal to the year-round averages 
obtained from the outer heartwood. Dur- 
ing the remainder of the year, when the 
trees were in the rest period, dormant, or 
budding-out, the sapwood moisture content 
was about 40 percent. 

The sapwood moisture content of wilted 
trees was at the high level of radially grow- 
ing trees. It remained at this level when 
mats were formed the same year as wilt 
occurred. However, when mats were not 
formed on the wilted trees until the follow- 
ing spring, the moisture content near the 
mats had dropped to 41 percent. The mois- 
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ture content averaged 31.8 percent on 2 
trees that had passed through the mat- 
forming stage 8 months previously. ‘The 
moisture content of the sapwood under 
fresh, young to mature mats ranged from 
43.7 to 53.2 percent in fall and from 37.2 
to 45.0 percent in the spring. 
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A New Dendrograph for Recording 
Radial Changes of a Tree 


‘(THE ANNUAL INCREMENT in trees has 
been used by foresters, ecologists, and cli- 
matologists for many years. Instruments 
for the measurement of cambial growth, 
however, were not developed until 1905. 
MacDougal (1921) describes several of 
these early instruments, as well as a con- 
tinuous recording dendrograph which he 
himself developed. The essential feature 
of his instrument is a floating frame which 
extends around a tree, contacting the bark 
on opposite sides. Variations in the distance 
between the points of contact are magnified 
and recorded on a clock-driven drum. 

In 1932 Reineke introduced a prec‘sion 
dendrometer for measuring variations in 
radii of trees. Daubenmire in 1945 de- 
scribed an adaptation of the precision den- 
drometer. Three screws were inserted into 
the xylem, and by placing a_ specially 
mounted dial gauge indicator on the heads 
of these screws, the position of the bark 
with respect to the screws could be meas- 
ured. Changes in this position with time 
gave an index of growth. 

Both of these instruments have been 
valuable tools for tree growth studies. With 
the MacDougal dendrograph a continuous 
record of tree growth could be made and 
diurnal fluctuations observed as well as the 
yearly regimens. The Daubenmire dendrom- 
eter, however, was inexpensive, easy to 
install, and could be used on a large num- 
ber of trees. 


BY 
HAROLD C. FRITTS 


EDWIN C. FRITTS 


In 1953 the present writer found that 
dendrometer measurements made at three- 
day intervals were not completely satisfac- 
tory for careful comparisons between in- 
dividual trees. Variations in successive 
readings of as much as 8 percent of the 
total year’s growth made difficult compari- 
son of results. This was probably due to 
both negative diurnal changes and to slight 
differences in placement of the instrument 
on the tree. Otherwise, these readings gave 
every indicatian of being precise, and had 
it been possible to make a continuous read- 
ing, a very accurate record of the changes 
in diameter, both positive and negative, in 
all probability would have been possible. 

‘The MacDougal instrument had a mag- 
nification of 22 which is rather small for 
use on the slower growing hardwoods. It 
appeared to be unduly complicated and 
hence expensive and was difficult to mount 
and protect in position on a tree, 

In an effort to meet these limitations the 
author designed and built a new instrument 
during the fall of 1953. It was, in essence, 
the incorporation of a precise recording 
mechanism in the dendrometer mounting 
mentioned above. 


Contribution from the Department of 
Botany, Ohio State University, Columbus, 
Ohio, Paper No. 570. 
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FIGURE 1. An elevation of the dendrograph, 


Description 

The dendrograph (Figs. 1, 2) is con- 
structed entirely of aluminum. It occupies 
a space 10% X 6 X 1234 inches and 
weighs approximately seven pounds. 

The principle of kinematic mounting is 
used in supporting the instrument on three 
lag screws driven into the xylem of the 
tree which serve as the frame of reference 
for the measurements. One screw (L-2) 
engages the frame of the instrument 
through a steel ball held between conical 
holes in both the screw and bar (C). This 
locates one point of mounting but permits 
complete freedom in rotation. A second 
screw (L-1) with a conical hole engages a 
second ball which rides in a V slot in the 
bar (C). This limits the movement of the 
instrument to a rotation around a single 
axis connecting the centers of the two balls. 
Such rotation however, is limited by a third 
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lag screw (L-3) which engages the face 
of the frame (B). This mounting locates 
the instrument precisely without introduc- 
ing spurious stresses. A loading spring holds 
the bar (C) tightly on the steel balls. 

A similar mounting is applied to the 
lever system (J, Section A-A) which mul- 
tiplies a hundred fold the movement of a 
rod (G, H, Section A-A) bearing on a 
prepared surface of the bark. A recording 
pen on the output arm (F) of this lever 
system marks a record on the chart for an 
8-day rain gauge clock. The total arc of 
the pen on the chart covers 0.05 inches of 
movement in the rod (G, H). The small 
divisions of the chart (Fig. 3) represent 
0.0005 inches. The rod is made of two 
parts (G and H), mated in a threaded sec- 
tion to provide an adjustment in length. 


Thus the instrument can easily be re-set 
when the pen reaches the top of the drum. 













FIGURE 2. The dendrograph mounted without the protective shelter. 


A nut locks G and H at the desired length. 
Two screws, not shown, in front of the 
lever (J) limit the clearance around the 
balls. ‘This prevents the balls from falling 
out when the dendrograph is disturbed. 
The lever system may be disassembled by 
removing plate K. 

Since the instrument is made entirely of 
aluminum, there can be no differential in 


thermal expansion. The lag screws, how- 
ever, have a thermal expansion of approxi- 
mately one half that of aluminum. But the 
length of the screw to the anchoring point 
in the tree is roughly twice the distance 
that the rod (G) extends beyond B in mak- 
ing contact with the bark. Therefore, what 
little differential in expansion exists in the 
mounting will be balanced by the length of 
these elements. This thermal stability has 
been demonstrated by an_ experimental 
check in the field. 


‘The instrument can be sheltered in a 
weather-proof box strapped on the tree. In 
this way the instrument is securely locked 
and safe from biotic disturbance and weath- 
er damage. 

Since the instrument does not require ex- 
pensiv e materials, the cost is reduced below 
that of the MacDougal instrument. This 
new dendrograph can be machined and as- 
sembled for a cost of $130 not including 


the rain-gauge clock.' 


Results and Applications 


The dendrograph has been used in a num- 
ber of locations. During the winter of 
1953-54 one instrument was mounted on a 
Hackberry, Celtus occidentalis L. (Fig. 2), 


IManufactured bv — special irrangement 
through the author. 
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and during the winter of 1954-55 three 
instruments were mounted on_ Beech, 
Fagus grandifolia Ehrh. The records made 
by the instruments were nearly horizontal 
lines for air temperatures above freezing, 
but for lower temperatures, especially those 
below 25° F., a corresponding shrinkage as 
great as ().013 inches was recorded. Dur- 
ing one of these cold periods a second in- 
strument was mounted on a metal plate 
and put in a near-by thermograph shelter. 
Even with a range of temperature from 18° 
to 57° F., this instrument recorded a 
straight line + 0.00025 inches. 

During the growing season of 1954 six 
instruments were mounted upon six beech 
trees, and all have provided reliable and 
accurate records of changes in radius as 
small as 0.0001 inch. Figure 3 is a fac- 
simile of three weekly charts made by one 
of these instruments. The top chart was 
recorded during the early growing period 
when the soil moisture was high and growth 
rapid. Daily fluctuations at this time were 
at a minimum. By early June (middle 
chart) the soil moisture had decreased and 


evaporation increased so that larger diurnal 
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fluctuations were apparent, and the daily 
growth increment was diminishing. On 
the lowest chart the trunk shrinkage be- 
came greatest on the day marked Tues- 
day, when the temperature rose to an 
unusual 104° F, and the evaporation po- 
tential was high. During the evening there 
was a heavy thunderstorm which replen- 
ished soil moisture, and as a result, the 
shrinkage on the following day was much 
less. This illustrates the sensitiveness of 
measurements to soil moisture and evapora- 
tion from day to day. 

Friesner (1943) in his discussion of tree 
growth points out that “Hourly variations 
in diameter are recorded by the dendro- 
graph (MacDougal’s) during some parts 
of the vegetative season for all species 
studied. variations 
are entirely due to turgidity changes and 
set in whenever the transpiration loss ex- 
ceeds the ability of the absorbing and con- 
ducting organs to supply water.” Mac- 
Dougal (1938) has demonstrated a very 
close relationship between diameter of trees 
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and available moisture in his irrigation ex- 
periments. 
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FIGURE 3. 
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Three records made by the dendrograph on a beech tree during 1954. 


The daily range in size of the tree re- 
corded in Figure 3 is plotted in Figure 4 
for the growing season of 1954. Each bar 
represents the maximum and minimum size 
of the radius during that day. Where the 
bars do not overlap no shrinkage occurred 
as in the upper chart of Figure 3, and 
where the bars overlap (early July) diurnal 
fluctuations were recorded as in the lower 
chart of Figure 3. From this kind of graph 
one can precisely ascertain both the accu- 
mulative growth curve and the magnitude 
of daily reversible variations (i.e. the in- 
ternal water relations or turgidity changes). 
It is readily noted from the graph that as 
the reversible variations increase in late 
June and early July, the growth rate de- 
creases. 

The precision of the instrument was born 
out by a comparison of daily range in size 
recorded for all six trees throughout the 
growing season of 1954. The relative dif- 
ferences in growth rate from day to day 
were similar for all the trees. Optimum 
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growth conditions resulted in a rapid in- 
crease while poor growing conditions were 
accompanied by little increase. In the lat- 
ter part of the season when soil moisture 
became low and evaporation high, all in- 
struments recorded similar reversible varia- 
tions reflecting the turgidity changes with- 
in the tree. ‘These also could be highly 
correlated with daily weather conditions. 

The influence of different microenviron- 
ments however, were also evident. Instru- 
ments on trees in the better drained sites 
recorded a shorter growing season than 
those in poorly drained sites. Trees between 
these extremes had intermediate growth 
curves. Reversible variations were more 
pronounced in the better drained sites and 
generally increased as the soil moisture de- 
creased. 

The possibilities for this type of measure- 
ment are numerous. In addition to record- 
ing the reversible variations one can pre- 
cisely ascertain the time of growth initia- 
tion, the daily growth increment, the shape 
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FIGURE 4. The daily range in one radius of a beech during the growing season of 1954. 
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of the growth curve, and cessation of 
growth on an individual tree and yet visit 
the area only once a week. Equivalent 
measurements with the dendrometer would 
entail so much time as to be impracticable, 
especially when the study area is not easily 
accessible. “The dendrometer under the 
most favorable conditions cannot reliably 
measure changes less than 0.0005 inch, 
while the dendrograph can record changes 
as small as 0.0001 inch. 

The precision of this dendrograph is 
especially valuable for microenvironmental 
studies where small differences in site must 
be evaluated. On level topography where 
the evaporation potential on a given day is 
essentially the same for all canopy trees, 
the diurnal variations as measured by the 
dendrograph can be used for directly as- 
certaining the relative availability of soil 
moisture in different sites. In areas of dif- 
ferent exposure, however, where both evap- 
oration and soil moisture are variables, the 
dendrograph records the resultant of these 
two factors (Friesner, 1943). The dendro- 


graph can thus be used to ascertain the 


time and extent of water deficits in trees. 
[t provides a means of rapidly analyzing 
the environment using the tree as an indi- 
cator. It is in this, after all, that the forester 
is most interested. For this reason the den- 
drograph should find use in a wide range 
of problems dealing with the forest environ- 
ment. It provides in effect a unique, com- 
bined record of both growth and the influ- 
ence of the total environment upon the 
water relations of the tree. 
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Zur Frage der Steurreform in der Forstwirtschaft 
(On the question of tax reform in forestry). By Hans Ostwald, Forstmeister, Gaildorf 
Wiirttemberg. 1954. Available from the author. 5.50 DM. 98 pp. 


REVIEW by R. Markus 


No rfolk, J ‘irgin ‘a 


This book was promoted by the newly 
founded (1950) German Forest Council whose 
president in his inaugural speech stated that 
forestry will be able to fulfill its economic ob- 
ligations only if tax policy takes into consid- 
eration the peculiarities of forest property. 

In the preamble, the author points out that 
the present German tax policy is detrimental 
to forestry in that it tends to promote a re- 
duction in the productive capacity of the for- 
est. He (a nephew of Dr. E. Ostwald) dem- 
onstrates how a consistent method of taxation 
can be developed if based .on the ideas of 
E. Ostwald’s relative forest rent theory. Utiliz- 


ng relative values of forest product grades 
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which have proved to be constant, he derives 
the forest capital value and from this also 
the forest rent which proves to be practically 
independent of the applied interest rate. 

He recommends that only the net value of 
the rent should be subject to income tax 
whereas the balance, if any, between the an- 
nual cut and the rent is a capital gain and 
should be treated as such. The relative value 
of the rent is converted to its real value by 
means of the ratio between the actual market 
prices and the assumed relative values of the 
leading grades. From this rent is derived the 
taxable property value by applving the official 
capitalization interest rate. 


Radiation, Surface Temperature, 


and Seedling Survival 


ACCORDING to an authority in the science 
of microclimatology more thought should be 
given to the study of surface soil tempera- 
tures (Geiger 1950). Silviculturists have 
stated its importance on forest seedling sur- 
vival, and forest nurserymen are aware of 
its lethal effects on young forest seedlings. 

Lethal temperatures for seedlings depend 
upon both the intensity and duration of 
the temperature (Baker 1929, Lorenz 
1939). The greatest intensity of tempera- 
ture occurs at the soil surface and drops 
rapidly both below and above this surface 
plane. Geiger (1950) reported a drop of 
10 degrees Centigrade at a distance of one- 
tenth of a millimeter above the surface, and 
Mirov' has reported sub-surface tempera- 
tures which were 28 degrees C. lower than 
the surface temperature at an approximate 
depth of three millimeters. 

The effect of sustained high temperatures 
on the biological processes of seedlings is 
profound, because as the temperature in- 
creases in an arithmetic progression the 
duration of time required to kill seedlings 
decreases approximately in a geometrical 
progression (Bigelow 1921). For example: 
Microscopic sections of cortical parenchyma 
of three-year old Pimus strobus L., in a 
water bath were completely killed in one 
minute at a temperature of 67 degrees C.; 

'Mirov, N. T.-1939. Climatological ob- 
servations at the Inst. For. Genetics, Placer- 
ville, Calif. 1929-1937. Unpublished. 


BY 
WILLIAM P. MAGUIRE 


in five minutes at 62 degrees, and in twenty 
minutes at 59 degrees (Lorenz 1939). 

The relationship between surface soil 
temperature and internal stem temperatures 
of seedlings does not appear to have been 
well established. It appears to vary with 
species, and age and stem-diameter are im- 
portant. Baker (1929) determined that 
sand surface soil temperatures of 147° to 
152° Fahrenheit generally were lethal to 
young conifer seedlings under laboratory 
conditions. 

Daylight surface soil temperatures are 
principally the result of radiant energy re- 
ceived directly from the sun or indirectly 
from the sky. In this paper, the first part 
of the problem is the computation of the 
clear-sky solar and sky radiation values. 
These values will be related to surface soil 
temperatures as recorded by a Foxboro soil 
thermograph for certain select days (which 
will be described later). ‘The ultimate goal 
of the study is to determine at what ele- 
vations, slopes and aspects of surfaces seed- 
lings may be planted with reasonable assur- 
ance of satisfactory survival; and in those 
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School of Forestry, and T. H. MacDonald of 
the U. S. Weather Bureau, Washington, D. C. 
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other situations, where artificial shade is 
found to be necessary, how properly to place 
shade where it will be most beneficial in 
reducing surface soil temperatures. Due 
to the complexity of the problem only hori- 
zontal soil surfaces will be considered. 


Calculation of Solar and Sky Radiation 
Intensity for a Horizontal Surface 


‘The best method for estimating horizontal 
surface radiation values” is the system out- 
lined by the U. S. Weather Bureau (Fritz 
1949). Fritz’s equation is as follows: 


» 


To 


Qmn= 1.94 


cosZ (a m+0.5 —0.5a'm) 

‘ 

—Dm (1) 

where the symbols are defined as follows: 

Qm = total radiation per minute on a hori- 
zontal surface from sun and cloudless 
sky, in gram calories per square centi- 
meter (langleys). 


ro —= mean distance between earth and sun. 
r = actual distance between earth and sun. 
z = zenith distance of the sun or angle of 


sun’s rays with vertical (the angle of 

incidence in the Lambert cosine law). 

a m = fraction of energy transmitted through 
the moist clean atmosphere considering 
depletion by scattering only. 

am = fraction of energy transmitted 
through the same atmosphere considering 
both scattering and absorption. 

Dm = term including miscellaneous factors 
such as dust depletion and effect of 
ground reflection (albedo). 

Subscript, “m”’, means that the symbol is 
to be taken at a particular “air mass,” 
which is merely the path of light through 
the atmosphere referred to the vertical path 
as unity. The factor 1.94 in equation (1) 
is the solar constant in langleys per minute. 
For further expansion and application of 
this method the reader is referred to “Solar 
Radiation During Cloudless Days” (Fritz 
1949). 


“Letter of May 10, 1955 from Mr. T. H. 
MacDonald of the U. S. Weather Bureau, 
Washington, D. C. 
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Using Fritz’s method the total cloudless 
solar and sky radiation values in langleys 
per minute were computed for the twenty- 
first day of each month for 39° north 
latitude and an elevation of 2760 feet, 
which is the elevation of the recorded sur- 
face soil temperatures. The above values 
are shown graphically in Figure 1. 

In computing the radiation values in 
Figure 1, the correction, “Dm,” for albedo 
and dust was omitted, due to the fact that 
Fritz (1949) showed only daily values and 
did not attempt to estimate the diurnal 
variation. Furthermore, since the correc- 
tions for daily values were small, one re- 
viewer of this paper suggested that they be 
omitted. 


Recording of Surface Soil 
Temperatures and Analysis of the Data 
Now for the practical part of the experi- 
ment to record surface soil temperatures. 
One meter-square, 1 X 6 inch board frames 
were set in the ground and leveled. After 
filling these frames with sifted soil, the sen- 
sitive element of the Foxboro soil thermo- 
graph was pressed half-way into the soil 
(Aiken clay loam). Figure 2 shows the 
daily maximum temperatures from April 
1954 to March 1955, inclusive. The im- 
portant consideration in this study appears 
to be the extremes of surface soil tempera- 
ture, and these occur when the surface 
soil is dry. Extremes may occur approxi- 
mately eight days after an inch of moisture 
applied artifically during the summer 
months and after a slightly longer period 
of drying during the winter months. 

Table 1, obtained from Figure 2 and the 
thermograph recordings for true solar noon, 
shows these extremes of surface soil tem- 
perature for select days of each month, fol- 
lowing prolonged dryness. The computed 
noon values for solar and sky radiation 
from Figure 1 were divided into the true 
solar noon surface soil temperatures to 
arrive at a value of degrees F. of surface 
soil temperature per langley per minute. 

In analyzing the values of degrees F. of 
surface soil temperature per langley per 


TABLE 1. Tabulation of the true 
solar noon surface soil temperature 
recordings for cloudless days of ex- 
treme temperatures taken from Fig- 
ure 2; the corresponding total solar 
and sky radiation values taken from 
Figure 1; and the empirical relation- 
ship between these two values, ex- 
pressed in degrees F. oj surface soil 
temperature per Langley per minute. 






32% .§ “835 
Zsa Ss 3 a 
esifre see ¢& = 
Date eSade6 3h 4464 
Jan. 8, 1955 54 7 86 62.8 
Feb. 13, 1955 84 13 1.08 that 
Mar. 7, 1955 110 10 # 1.27 86.6 
Mar. 25, 1955 103 16 1.42 72.0 
Apr. 22, 195 140 1.59 88.1 
May 18, 1954 142 9 1.65 86.1 
June 2, 1954 147 23 41.665 88.3 
June 20-22, 1954 159 2 1.676 94.9 
July 13, 1954 156 1.65 94.5 
July 28, 1954 162 1.62 100.0 
Aug. 9, 1954 154 1.59 96.9 
\ug. 22, 1954 147 1.55 94.8 
\ug. 31, 1954 143 6 1.495 95.7 
Sept. 9, 1954 144 1.435 100.3 
Sept. 26, 1954 139 1.33 104.6 
Oct. 15, 1954 136 ub? 116.2 
Oct. 22, 1954 115 > 8.955 303.1 
Oct. 29, 1954 112 9 1.065 105.2 
Noy. 5, 1954 112 16 1.015 110.4 
Nov. 24, 1954 87 9 89 97.8 
8 


Dec. 20, 1954 74 10 81 93. 


minute, it appears reasonable to assume that 
eventually a curve can be drawn showing 
the anticipated extreme surface soil tem- 
peratures for any day in the year, for a 
particular type of soil, elevation, latitude, 
etc. It is not meant to imply that these 
extreme temperatures will occur on the 
same day or even during the month of a 
particular year, but are temperatures which 
may be realized at a future date when 
there is sufficient dryness, cloudless sky, 
etc. 


Figure 3 is presented to show the diurnal 
variation in radiation intensities and cor- 
responding surface soil temperatures for 
selected extreme days in each month. The 
values were taken from Figure | and from 
the Foxboro thermograph recordings. 

It should be noted that maximum solar 
and sky radiation always occurs at solar 
noon, whereas, maximum surface tempera- 
tures on level surfaces lag from one to two 
hours for all months except April and Oc- 
tober, when the earth is at mean distance 
from the sun. 


Effect of Artificial Shade on Surface 
Soil Temperatures, and Considerations 
for Properly Placing Shading Material 


On August 4, 1953, a maximum recorded 
level surface soil temperature of 146° F. 
occurred at 1:30 p.m. for the unshaded 
sensitive element, whereas, on the same day, 
the temperature of the other element, 
shaded with shakes from the southeast and 
southwest so no direct radiation could reach 
it, reached a maximum temperature of 90° 
at 3:30 p.m. At noon the difference was 
62°. 

On July 29, 30 and 31, 1953, the sensi- 
tive element was placed 2% inches north of 
a 7-inch wide shake. The surface tempera- 
ture at 2:30 p.m. was 98° (maximum un- 
shaded temperatures were 150)” to 154°) at 
which time the shade became ineffective. 
At 3:30 p.m. the formerly shaded element 
had risen to 126-128°, an increase of 28' 
in one hour. 

Thus, in view of the preceding examples, 
it can be seen that shade is very effective 
in reducing surface soil temperatures if it 
is placed properly. 

By referring to a solar ephemeris it will 
be noted that the sun reaches its maximum 
northern declination on June 21 when it is 
approximately twenty-three and one half 
degrees. At this time the altitude, h, of the 
sun may be found by the following equa- 
tion: 

h = 90 — latitude + sun’s declination (2) 
or, 90 —39 + 23% equals 741°. 
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By using the tangent of 74% ~ it can be 
shown that for every inch that a seedling 
is north of a shingle-shade, the shade must 
extend 3.6 inches above the ground to pro- 
duce its greatest cooling effectiveness. 

Again, by referring to “Tables of com- 
puted altitude and azimuth for latitudes 30- 
39 degrees” published by the U. S. Navy 
Department Hydrographic Office, it will 
be noted that the sun passes through an arc 
of the sky equal to 160 degrees during the 
hot surface soil temperature hours of 10:00 
a.m. to 4:00 p.m. (See Figure 3), on June 
21. This means that on level and due 
north and south slopes, the shade should be 
placed 24° west of south to be most effec- 
tive. 

By using the tangent of one-half this 
angle and then multiplying by two we as- 
certain that flat shade should be 11-1/3 
inches wide for every inch that the seedling 
is northerly from it. Obviously, this type 
of shade is impractical. A pointed, V-shaped 
or semi-circular plastic shade which could 
be pressed into the soil close to the seedling 
so as to shade from the southwest and 
southeast, would be a desirable type of 
shade from a practical and economical 
viewpoint. 


Effect of Irrigation and Rain on Surface 
Soil Temperature, with Special Con- 
sideration as to Amount of Reduction 
and Duration of Effect 


On May 17, 1954, at 1:00 p.m. a level 
surface plot of bare mineral soil was 
sprinkled with the equivalent of one-inch 
of rain. 

On May 18, 19 and 20 the watered 
plot was 41, 26 and 17 degrees lower 
than the dry soil plot and on May 24 it was 
only six degrees lower. 

By referring to Figure 2 it can be seen 
that rain will lower the surface soil tem- 
perature by as much as 50) degrees and that 
5 to 16 days later, depending upon the 
amount of precipitation in the storm, ex- 
treme surface soil temperatures will occur 
due to the drying out of the surface. 
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Effect of 7” Inch of Sawdust Mulch on 
Surface Soil Temperatures 


In an experiment with sawdust, the sensi- 
tive element of the thermograph was 
pressed half way into the surface of the 
sawdust and was not in contact with the 
mineral soil. 


At 8:00 a.m. on May 31, 1954, one of 
the plots was covered with a 7g-inch layer 
of dry sawdust and sprinkled with a one- 
inch layer of water. “The maximum surface 
soil temperatures of the sawdust plot were 
within one to two degres of the dry soil 
plot for the succeeding four days. Appar- 
ently the thin surface layer dried out very 
rapidly and obviously did not show the same 
cooling effect of water on a bare mineral 
surface. 

Again at 4:00 p.m. on September 27, 
1954, sawdust was soaked in water for four 
hours and a 7g-inch layer spread over one 
of the plots. The following day the maxi- 
mum surface temperature of the sawdust 
plot was fourteen degrees lower than the 
dry soil plot, but thereafter, for the succeed- 
ing six days, was only two to four degrees 
lower. 

Finally, on November 10, 1954, the 
sensitive element was placed in the sawdust 
plot. On November 11, a rain soaked both 
the bare soil and the sawdust plots. The 
maximum surface temperature of the saw- 
dust plot was warmer for the succeeding 
two days by two degrees; on the third day 
it was nine degrees warmer than the bare 
soil plot. On November 13 and 14 the 
plots were again soaked by rain, and for 
the succeeding five days the sawdust plot 
was warmer by from two to eight degrees. 
The subsequent five rainless days showed 
the sawdust plot to be from fourteen to 
seventeen degrees warmer than the bare 
soil plot. 

The ‘data in the foregoing tests indicate 
that during the wet months following rain 
the maximum surface soil temperature of 
the sawdust plot was as much as 17° 
warmer than the bare soil. It would seem 
that the temperatures of the sawdust plot 
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FIGURE 3. Upper portion of figure shows diurnal surface soil temperatures for selected extreme 
days from April 1954 to March 1955, Lower portion shows corresponding diurnal radiation in- 
tensities. 
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would be similar to the duff and litter of 
the forest floor. (Vaartaja, 1954) has 
shown that the presence of humus and fine 
litter favored extreme diurnal variations in 
temperature. It is possible that these ex- 
tremes of temperature in duff and litter, 
during the months of April and May when 
radiation intensities are high (see Figure 1 ) 
and seedlings are germinating, may be the 
primary cause of the failure of seedlings to 
establish themselves in duff and litter. It is 
a well-known fact that Ponderosa pine 
seedlings will become established on bare 
mineral soil when they fail in similar loca- 
tions which are covered with duff and litter. 

Furthermore, the results of these experi- 
ments with sawdust, under California con- 
ditions, would suggest that the mulching 
of unshaded planted seedlings is more of a 
detriment than a help as far as survival of 


seedlings is concerned. 


Practical Results of Shading in 
Field Plantings 


On April 17 and 24, 1953, 300 ponderosa 
pine seedlings (2-0) were planted on mod- 
erate south to southwest slopes at an eleva- 
tion of 3000 feet. Approximately half of 
the seedlings were shaded with 7X18 X 
1/12 inch reject rotary box shook. The 
planting was examined for survival on May 
12, 1954. Eighty percent of the shaded 
seedlings had survived and displayed two 
to four inches of new vigorous growth. At 
this examination forty-seven percent of the 
shade was broken or ineffective due mostly 
to trampling by cattle. In contrast, 20 per- 
cent of the unshaded seedlings survived and 
many of these appeared to have low vigor, 
even to the extent that terminal buds had 
not opened yet. 

On this same planting some unshaded 
seedlings, in addition to those above, had 
their bases protected with cotton batten or 
1% inch galvanized metal pieces. An ac- 
curate record of the stem-base protected 
seedlings was not kept, but it appeared as if 
the seedling survival of the cotton-protected 
bases was 82 percent and that of the metal- 
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protected bases 69 percent. This would 
indicate that the greater survival of the 
shaded seedlings is attributable to the milder 
surface soil temperatures alone, and not to 
the influence of a decreased transpiration 
rate caused by the shading of the needles. 


Summary 


This report emphasizes the importance of 

surface soil temperatures to seedling sur- 

vival. Cloudless sky horizontal surface solar 
and sky radiation values for sunlight hours 
throughout the year were computed for the 
location of the Institute of Forest Genetics 
near Placerville, California. Year-long 
daily recordings of maximum surface soil 
temperatures by a Foxboro soil thermograph 
are graphically shown and correlated with 
solar and sky radiation values for selected 
days of extreme surface soil temperature. It 
appears that extreme surface soil tempera- 
ture possibilities can be anticipated eventu- 
ally from computed radiation curves. 

Important considerations for properly 
placing artificial shade for level and north 
and south exposures, the quantitative effect 
of shade in reducing soil temperatures, and 
the quantitative and durational effect of 
rain on soil temperatures are described. ‘The 
effect of extreme surface temperatures of 
duff and litter during the seedling germi- 
nating months is suggested as a_ possible 
reason for seedlings failing to establish 
themselves. Finally the results are given of 
an experimental planting to show the effect 
of shade and the subsequent 400 percent 
increase in survival. 
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Forestry and Related Research in North America. 


Prepared by Frank H. Kaufert and William H. Cummings. 1955. Society of American 


Foresters, Washington, D. C. 280 pp. $5.00. 


REVIEW by Edward N. Munns 


Concord, California 


Forest research has passed another milestone. 
This time, it is the 25th anniversary of the 
Federal McSweeney-McNary Forest Research 
Act. In this legislation was spelled out for the 
first time an organizational and financial pro- 
gram in forestry research. With it as a stimu- 
lus and with forestry increasing in importance, 
research took its place as a recognized forestry 
activity. 

Sharply aware of the growing importance of 
research, the Society of American Foresters 
initiated a reappraisal of the situation in for- 
estry research throughout North America. With 
financial and moral support from others, it 
launched its ‘“‘reexamination of the whole 
structure of forestry research programs.” ‘Two 
competent foresters made the study under the 
over-all direction of a steering committée. 

The study had a 3-pronged purpose: to de- 
termine whether progress was satisfactory, 
what was the present status, and what were 
the future goals. The conclusions reached were 
that progress in forest research has been great, 
the present effort inadequate, and the need 
enormous. The over-all highlight is that in the 
United States a 4.4-fold expansion in forestrs 
research expenditures is required by 1978. 
Comparable data for the neighboring coun- 
tries are not given. 

The study provides little comfort to those 
foresters who argue for a moratorium on re- 
search until practice catches up with knowl- 


edge. Instead it calls for a great expansion in 


all lines of work, and immediate and rapid 
expansion in a few. The financial increase of 
440 percent in 25 years does not appear mate- 
rially significant in view of the 1000 percent 
increase in the past 25. Neither does it appear 
out of line with present national economic con- 
ditions or the growing intensification of for- 
estry practices. When these percentages are 
translated into dollars, the overall figure of 
$200,000,000 does seem a bit startling. If the 
total is discounted for the tremendous amount 
of industrial research by wood-using industries, 
one can take the proposed $75,000,000 for 
truly forestry research in stride. Certainly in 
view of our great wild land area we should not 
be niggardly in efforts to develop a real know- 


how and understanding if we are to meet th 
ever increasing pressures upon its resources. 
The study stresses the great ontribution 
the forest schools can make. Suggested is the 
idea that the forest schools increase their par- 


ticipation in research ten-fold in the next 25 


years. This would mean stepping up their 
present expenditures of $1,676,000 to $15,- 
000,000. \t present the schools’ effort 


amounts to 3.7 percent of the total of all re- 
search, but the proposed increase would have 
them doing 7.5 percent of the job. This ex- 
pansion would take place with the declining 
emphasis on research in industry and in the 
Federal Government. In the light of experi- 
ence, this would seem somewhat unrealistic 
and evidence of some wishful thinking. 
| 


Much encouragement could be given to re- 
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search workers to advance their formal training 
if research agencies would take some positive 
steps in that direction. One way would be 
through greater use of men with doctorates in 
such fields as physiology, soils or ecology rather 
than to depend so heavily upon forestry grad- 
uates. Granted that undergraduate work in 
forestry provides the best background for for- 
estry careers, it is not essential to a successful 
career in forestry research, This proposal 
should not upset the forestry schools today as 
it did a decade or so ago when graduates were 
having some difficulty in finding jobs. That the 
earlier use of such trained men did not work 
out particularly well in practice was due more 
to lack of skill in their utilization than to lack 
of forestry background. Today the need for 
work in the basic sciences is so well understood 
that many subject matter specialists could be 
employed and fitted into a going research pro- 
gram. 

Salaries of research men are a part but only 
a part of the personnel problem. They con- 
stitute a major part when organizations com- 
pete for an individual worker. All too often, 
this individual is not adequately recognized 
in his own unit until employment elsewhere is 
under consideration. Then there is scurrying 
around to find ways of meeting the offer. In 
many agencies of government, the difficulties 
in advancing or recognizing a researcher on 
the basis of his contributions alone are well 
nigh insurmountable. It therefore becomes 
necessary to assign the man more and more 
administrative duties if he is to be advanced. 
To the extent that these routine or other du- 
ties cut into his research time—and they often 
do to a marked degree—they reduce the 
quantity of research done if not the quality as 
well. Few research administrators seek ways 
of keeping the individual worker from becom- 
ing bogged down in paper work; instead they 
generally take the easiest course and let re- 
search suffer. 

The feeling, and in part the practice in 
some Federal agencies, that every research man 
should have from one to several years’ train- 
ing in administrative jobs before entering upon 
research may be on its way out. However, lack 
of such experience as a ranger prevents many 
men in the Forest Service from transferring 
out of research into administrative jobs of 
similar standing, even when all concerned rec- 
ognize the desirability from the research 
standpoint. These and similar situations con- 
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fronting personnel should be topics for discus- 
sion in the proposed forestry research confer- 
ence as recommended in the report. 

The money estimates for future research, 
while large in total, can be accepted. Anyone 
who has developed estimates for research cov- 
ering even such a short period as five years can 
appreciate the inherent difficulties in making 
estimates for 25 years appear realistic. Great 
credit attaches to the study for providing over- 
all estimates which in the light of present day 
conditions seem reasonable if unobtainable. 

Much greater confidence in the estimates 
would have resulted had there been some dis- 
cussion of the processes used to derive a figure 
for just one activity as an example. Fewer 
questions might then have arisen. As it is, 
there is too much variation between estimates 
for some of the activities. Thus the maximum 
increases recommended for forest soils is 15X, 
genetics 12.5X, watershed 11.6X, and recrea- 
tion 10X. The smallest increases are for range 
and economics, both 2.5X. One can appre- 
ciate how enthusiasm for an activity, especially 
a new one with energetic supporters, will color 
one estimate whereas lack of understanding 
of another field will tone down its place in the 
sun. 

It may be completely academic to question 
individual recommendations in view of prob- 
able changes in over-all economic conditions. 
It is felt that the study was a little soft on 
genetics, severe on range, and unrealistic on 
fire research. We do not discount the advances 
possible through genetical research but when 
much greater expenditures are suggested for 
genetics than for soils, physiology, or fire, then 
we fear that someone was carried away by 
sales talk or enthusiasm. 

Unfamiliarity with western watershed prob- 
lems and the condition of the range on them 
is probably at the root of the relatively small 
increase suggested for range work. The im- 
mense areas of nearly exhausted forest, brush 
and grass lands used as range by livestock and 
big game and punished by decades of overuse 
under unfriendly skies, call for wider appre- 
ciation of problems to say nothing of more re- 
search. All too often, thinking on these lands 
by the uninformed, relegates their problems to 
a minor category. When it is realized that 
land has been destroyed, site quality lowered, 
native forage rendered almost extinct, and 
needed water resources lost or damaged, then 
one feels the estimates are not in keeping with 


~~ 
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need. A great upsurge in range research of all 
kinds is required to develop new and more nu- 
tritious forage, to rehabilitate ruined soils, and 
turn worthless cactus and brush areas into a 
productive resource. 

At this point too one is annoyed by the ad- 
vice given for only in this section are spelled 
out in detail not only the kind of research en- 
visaged but also instructions as to its organiza- 
tion. How greatly the study misses the mark 
here is also shown by the lack of appreciation 
of need for economic research as the suggestion 
is made that any such need can be met by some 
one acting in an advisory capacity. If it were 
intended that the forest economists would also 
handle range problems, that is not mentioned. 
The tremendous scope of the range problems, 
their social and economic significance, and 
their vital import to states, communities, the 
Indians, and the nation suggest the need for 
far more recognition by foresters of their stake 
and interest in range. 

The discussion of economics could well have 
been sharpened had a separation been made be- 
tween the research and the collection of data 
on timber resources by surveys. The physical 
task of making the resource inventory is so 
enormous and costly and requires so much in 
personnel it overshadows the basic economic 
research and research needs. This is borne out 
by the fact that about $1,250,000 of the 
$2,000,000 now spent is for survey, leaving 
only $750,000 as the amount spent for all 
other economic research. This would be merels 
doubled in 1978, whereas a million more 
needed for range economics alone. 

The fire research section should be read by 
all foresters no matter what their job. This is 
not so much for what the study reports as for 
what it does not specifically say or bring out. 
The recommendations are for a 7-fold in- 
crease, or for $3,000,000 to replace the pres- 
ent $420,000, with a 3-fold increase in ten 
years. Such an increase is desirable and long 
over-due. Whether the sums are sufficien: is 
doubtful so long as the profession continues to 
be complacent over fire. The continued re- 
liance of land managers on brawn and ma- 
chines instead of on brains and_ technical 
knowledge of complicated physical and chem- 
ical phenomenan, is resulting in our continu- 
ing and staggering losses of resources and ac- 
companying expenditures for fire control. 

The report brings out publicly for the first 
time, not in words to be sure, the most shame- 


ful blot on all forest research development. It 
shows the delinquency of fire control agencies, 
especially the States, in their attitudes toward 
fire research. For years, this has been kept un- 
der wraps but the data in the report show the 
real situation. Since the adoption of the 
Clarke-McNary Act 30 years ago, the Congress 
has provided large and growing sums to the 
States for fire control purposes. These have 
been matched in greater or less degree by the 
States themselves. Despite the large amounts 
so made available none of this money has been 
channeled into research, or if so, on such a 
small scale as to be unnoticed. Yet, State for- 
estry agencies owe their existence in large mea- 
sure to the continuation of the fire problem. 
So long as such a niggardly attitude attaches to 
these public agencies, so long as they fail to 
support efforts to obtain funds for fire re- 
search, they continue to demonstrate their lack 
of faith in research. 

Not all the blame attaches to State agencies. 
The allocation of only $250,000 out of the 
present total of $7,000,000 for all Federal 
“Forest Management” research shows that the 
red-headed stepchild attitude toward fire re- 
search prevails in the Federal agencies as well. 

For some reason the study ducks a discus- 
sion of personnel problems in fire research, but 
it is believed that herein lies another major 
trouble. So far most fire research person- 
nel have been drawn from the ranks of fire 
fighters, many if not most of whom have no 
basic understanding of or training in the laws 
of combustion. Where technical skills have 
been employed, there is a real question as to 
whether their skills have been fully utilized, 
though one such man made some outstanding 
contributions. While the financial picture 
could be changed overnight by the action of 
administrative foresters alone, the problem of 
getting high-grade trained personnel cannot be 
solved satisfactorily under 5 years. In this sit- 
uation, all foresters ought to be concerned. 

The inclusion of recreation research is a 
source of real jov. All the factors involved in 
our standard of living are developing pressures 
upon our wooded areas, of which recreation is 
perhaps the least appreciated. Within a very 
few vears the demands for desirable recrea- 
tional areas will begin to affect the manage- 
ment and uses of land, both public and private. 
The recommendation for a ten-fold increase in 
recreation research is not too much, especially 
if the work is materially enlarged in the next 
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few years. Unless it is undertaken with vigor, 
daring and imagination, managing foresters 
will find themselves saddled with an incubus 


for whose removal there will be no solution. 


Recreation research is another field in which 
the State agencies can and should play a major 
role. They should finance or greatly assist in 
financing recreational research in whatever 
agency appears to offer the best facilities or 
opportunity. In addition, the Federal research 
agencies, now deeply engrossed in well estab- 
lished activities, should give serious thought to 
the early expansion and development of this 
activity. The fact that intensively used recrea- 
tion areas are in another competitive adminis- 
trative agency ought not be used as an excuse 
for not launching a research program of real 
magnitude into this field. So far the major 
recreational problems are not being given the 
t 


same degree of intensive study that the situa- 


tion merits, and most research groups show 
little concern with the problem, 

There appears to be a continuing effort to 
keep all forest products and utilization research 
within the forest research tent. Naturally the 
study had no choice but to include a discus- 
sion of products research as the Forest Research 
Act of 1928 included it. The time is approach- 
ing when many of the activities included in 
the generic term of “forest products” will be 
considered as an associated part of forestry 
rather than an integral phase. Certainly few 
“dirt foresters” are much interested or con- 
cerned with the specialized details of paint o1 
varnish manufacture, glues, or paper making. 
Basically, forestry should be kept to those 
things which are directly associated with the 
land even as in agriculture. 


The discussion of products in the study will 
please but few specialists, or for that matter, 
even the dirt forester. It fails to provide an 
adequate picture or understanding of the vari- 
Ous activities it embraces. There is no real 
breakdown of the huge sums involved, either 
present or future. Consequently the reader 
must piece the fragments together to get some 
appreciation of the estimates. Undoubtedls 
those in the highly competitive industries are 
not too anxious to have much public discussion 
of their research activities or problems. The 
net result is an inadequate treatment of the 
subject. Sometime, someone will be able to 
give us a true picture of that work in the 
utilization field in which foresters as such are 
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directly interested. 

Missing from the study is a sympathetic 
consideration of dendrology which here is in- 
cluded as part of physiology rather than of 
genetics. However, even this discussion omits 
any comment on arboreta research. With a 
large National Arboretum near the nation’s 
capitol and the various other well-known ar- 
boreta scattered around the country, the omis- 
sion stands out sharply. 

The reports on research in Canada and 
Mexico are not as detailed or as complete as 
those for the United States. This is under- 
standable though in Canada the problems and 
methods of solution approach closely to our 
own. The Canadian report compiled by S. T. 
Dana follows the general treatment of research 
here but does not discuss the organic troubles 
which we face so immediately, It is presumed 
that finance, personnel, and organizational diff- 
culties are much the same in Canada as here. 

The forestry research in Mexico is described 
v Dr. Enrique, Director of the Mexican In- 
stitute of National Resources. The discussion 


b 


t 


reflects all too well the stagnant situation which 
is common to many another nation of similar 
conditions. Apparently there has been much 
exploratory work but little technical research 
on many basic forest land managing problems. 
Were it not for the language barrier, American 
foresters might be able to help the Mexicans in 
their struggle to accomplish something in re- 
search. One cannot read this section without 
feeling a desire to do something specific to 
help overcome the handicaps which the Mexi- 
can foresters face. 


All in all, “Forestry Research” is one of 
those books that every forester should read if 
not own. Few foresters know enough about 
what is going on in forestry research to be able 
to understand the problems which foresters 
generally face or those which forestry research 
faces. Certainly no one interested in the tu- 
ture development of a large segment of forestry 
can afford not to be acquainted with it. Re- 
gardless of how organizations, institutions, or 
individuals may react to the recommendations 
in whole or part, these should be discussed 
thoroughly. How far they are adopted and 
become a reality will depend largely upon the 
extent to which all those interested in forestr} 
progress will agree that more and better for- 
estry research is needed. 


Wind Profiles in a Small Isolated Forest Stand 


How THE WIND blows in forest stands and 
in their boundary regions concerns the 
forest manager in a number of important 
ways. Since structure of the timber stand 
affects the behavior of wind in and around 
it, the distribution of seed needed for nat- 
ural regeneration following cutting will be 
influenced by the pattern and intensity of 
cut. Further, the likelihood of damage from 
blowdown of trees left can be influenced 
greatly by the cutting practice used. Forest 
fires usually behave in direct respense to 
local winds. Knowing how winds behave 
in and around forest stands can thus help 
fire fighters pick the strategy best suited to 
each fire station. 

Several workers have studied the be- 
havior of wind well inside a forest stand 
(Fons, 1940; Gisborne, 1941; Kepner et 
al, 1942: Latimer, 1950), but few have 
studied the variation of the wind at the 
edge (lizuka, 1952). Unanswered ques- 
tions include: How far from the edge of a 
stand does the wind reach conditions similar 
to those prevailing far inside? How does the 
wind profile change through the entrance 
region? How does this transition change 
with different conditions of air stability? 
In selecting or constructing models for the 
derivation of relationships having practical 
applications, how large must models be to 
cover the total range of boundary condi- 
tions? 

A partial answer to these questions was 
made possible when a small isolated stand 


BY 
WILLIAM E. REIFSNYDER 


of ponderosa pine trees was artificially cre- 
ated on a desert playa. Although the stand 
was created for another purpose, instru- 
ments were installed to obtain suitable wind 
measurements. 


Description of Stand 


On a dry lake bed, 145 open-crowned 
ponderosa pines characteristic of Southwest- 
ern trees were placed 20) feet apart in stag- 
gered rows, also 20) feet apart (Figs. 1 and 
2). This arrangement produced a stand 
measuring 160 by 320 feet, or about 1.2 
acres. The stand area and immediate 
vicinity were levelled and stabilized with 
soil cement. 

In the prepared stand, trees varied in 
height from 36 feet to 64 feet, averaging 
51 feet. Average height to base of crown 
was 16 feet. Diameter at breast height 
ranged from 8 inches to 16 inches and 
averaged 13 inches. The stand was well 
stocked by number of trees per acre, accord- 
ing to Lexen (1939). The stand-density in- 
dex calculated Reineke 
(1933) was 0.20. Crown area, expressed 


according to 


When this study was made, Reifsnyder was 
Meteorologist at the California Forest and 
Range Experiment Station, which is main- 
tained by the Forest Service, U. S. Department 
of Agriculture, at Berkeley, Calif., in coopera- 
tion with the University of California. He is 
now Assistant Professor of Forest Meteorology, 
Yale University. John A. Hartford Foundation 
Program in Forest Biology. 
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FIGURE 1. Plan of tree stand showing loca- 


tion of instrument poles 


at the ratio of vertical projection of tree 
crowns to total area occupied by the stand, 
was 2() percent. This expression is of in- 
terest in wind profile studies and will be 
the measure of stocking used to describe 
this stand in the remainder of this report. 


Instrumentation 


Four rows in from the west end of the 
stand, and nearly equidistant from the sides, 
an 8(0)-foot wooden pole was erected. On 
this were mounted Robinson-type 3-cup 
anemometers at the following levels: 5, 16, 





33, 51, 66, and 80 feet. In addition, an 
8-contact direction vane was located at the 
80-foot level. In order to obtain a refer- 
ence velcocity, another 3-cup anemometer 
was located at the 20-foot level 400 feet 
south of the stand. 

Records of every 1/10-mile of wind 
were obtained by removing 5 of the 6 con- 
tacts in the 1/60-mile contacting mechan- 
ism of the anemometers. An _ Esterline- 
Angus operation recorder was used to ob- 
tain simultaneous records from the seven 
anemometers and the direction vane. 

Anemometers were calibrated before in- 
stallation in a 3-feet by 3-feet, low-speed 
wind tunnel. 


Reduction of Data 


A 6-minute period was selected for obtain- 
ing mean wind speed. Six minutes was the 
shortest interval in which anemometer 
records could be read accurately. A longer 
period was not used because of the danger 
of masking fluctuations in the mean values 
of direction and speed. ‘The 6-minute in- 
terval also had the advantage of making 
chart reading relatively easy because the 
number of contacts in 6 minutes directly 





FIGURE 2. End 
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, , pea 
view Of stand looking west, 


Us, WIND SPEED IN OR ABOVE STAND (MILES PER HOUR) 





0 4 ‘8 12 16 20 240 4 ~ i2 16 20 24 
Ur, WIND SPEED IN THE OPEN (MILES PER HOUR) 


FIGURE 3. Wind speed at various heights as a function of wind speed at 20 feet in the open: 
a) Lapse conditions, 250 feet travel; b) Lapse, 70 feet travel; c) Inversion conditions, 250 feet 
travel; d) Inversion, 70 feet travel. Solid part of lines indicates range of data. 
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Us, WIND SPEED (MILES PER HOUR) 


FIGURE 4. Wind profiles in forest stand: a) Lapse conditions, 250 feet travel; 
b) Inversion conditions, 250 feet travel; c) Lapse, 70 feet travel; d) Inversion, 70 feet 
travel. Broken lines are comparable profiles over bare ground; U,, wind speed at 20 
feet above ground in the open. 
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TABLE 1. Summary of constants a and b in regression equation U, = a+b U,' 


Level 
of wind Lapse conditions 
speed, 250-ft. 70-ft. 

U, travel travel 
(feet) a a 

80 —2.22 1.15 —2.10 

66 — .63 92 —2.02 

51 1.64 49 — 2.64 

33 1.44 36 ant 

16 — .54 68 — 12 

5 — .34 ta — .67 
'U, = wind speed in tree stand, m.p.h.; U, 


indicated the wind speed (uncorrected ) in 
miles per hour. 

Continuous records were taken for 4 
typical clear desert days, resulting in 992 
6-minute observations. All observations in 
which the wind direction was parallel to 
the long axis of the stand were selected for 
analysis. This yielded two groups, one in 
which the wind travelled through 70 feet 
of stand before reaching the anemometer 
pole ; the other, through 250 feet. 

These groups were then subdivided into 
three broad temperature gradient classes: 
Inversion (sunset to sunrise), lapse (2 
hours after sunrise to 2 hours before sun- 
set), and neutral (all other observations). 
The number of observations in each class 
was: 


Temperature Wind travel Wind travel 


gradient class 250 feet 70 feet 
Inversion 21 90 
Lapse 27 48 
Neutral 16 2 


Because of the small number of observa- 


“ 


tions in the “neutral” class, the analysis 
was limited to lapse and inversion condi- 


tion S. 
Wind Profiles 


For each of the four classes analyzed, scat- 
ter diagrams of wind speed in the stand 
(Us) against wind speed at the 20-foot 
anemometer in the open (U,;) were pre- 


Inversion conditions 


250-ft. 70-ft. 
tray el trav el 
OD a a 
«82 3.32 0.69 2.05 eh 
a 3.35 255 1.64 1.16 
.96 2.93 30 0.49 79 
.63 2.735 19 1.36 81 
77 1.28 43 2.09 92 
ane 0.99 46 2.33 88 


= wind speed at 20 feet in open, m.p.h. 


pared for each of the six levels in and above 
the trees. Since data appeared to fall in a 
straight line, regression lines were fitted 
(Fig. 3). From these, wind speed-height 
curves were prepared (Fig. +). Constants 
a and 6 for the equation of the form 
Us = a + 6U, of each regression line in 
Figure 3 are given in Table 1. Correla- 
tion coefficients for each regression line 
and the corresponding correlation coeff- 
cient at 1 percent level of significance are 
given in Table 2. 


Effect of Distance from Edge of 
Stand on Wind Profiles 


An analysis was made to assess the varia- 
tion in reduction of wind by the tree 
crowns with difference in distance from 
stand edge. This was accomplished by 
computing the ratio, Us over Ur, using 
wind speeds at the 33-feet level in the 
stand (at the center of the tree crowns) and 
at the same level in the open. The wind 
in the open was obtained by adjusting 20- 
foot reference wind speeds to the higher 
level.! The reduction in wind speed was 
plotted against distance from edge of stand, 
and although more points would be neces- 
'This adjustment was made on the basis 
of curves given by C. W. Thornthwaite 
(1949). These curves give ratios of wind 
speeds at various heights over smooth level 
ground for inversion and lapse conditions. 
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TABLE 


Level 
of wind Lapse conditions 
speed, U, 250-ft. 
(feet) travel 
R() 0.972 
66 945 
51 .920 
33 903 
16 940 
5 926 
Significance 
at 1% level ART 
sary to determine the curve accurately, 


trend lines were drawn (Fig. 5). Reduc- 
tion in wind speed probably reaches zero 
about one tree height to windward. 


Discussion 


All correlations except the one for inversion 
conditions and 250-foot travel at the 33- 
foot anemometer were significant at the 1 
percent level. In it should be 
noted that all correlations for 250-foot 
travel and inversion conditions were lower 
than any other. Considering the narrow 
spread of data (4 to 12 miles per hour) 


addition 


conclusions involving this inversion class, 
especially at wind speeds above 12 miles per 
hour, should be accepted with caution. 
Comparison of Lapse and Inversion Con- 
ditions. Inspection of Figure 4 reveals that 
lapse and inversion profiles in the isolated 
stand had essentially the same form. Cer- 
tain marked differences may 

L, 


speed, winds in the trunk region of the 
stand during inversion conditions at night 


be noted: 


For a given 20-foot reference wind 


were approximately two-thirds the speed 


of daytime winds. 
9 


2. Although the reduction of wind in 
the tree-crown region is about the same 
under lapse or inversion conditions for 
light (10 m.p.h.) winds, the reduction is 
greater under inversion conditions for mod- 
erate (20 m.p.h.) winds. 
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Correlation coefficients for regression lines 


70-ft. 
travel 


0.982 
84 
948 
895 
951 
.974 


368 


in Figure 3. 


Inv ersion conditions 


250-ft. O-f 

travel travel 

0.668 0.976 

686 977 

.662 945 

376 969 

800 971 

804 .976 

549 270 

“Edge” Effects. In the interior of an “in- 


finite” stand—that is, one extending large 
distances parallel and perpendicular to the 
no net vertical wind 
In 


stand, one which extends a large distance 


direction of the wind 
velocities can occur. a semi-infinite 
perpendicular to the wind but has a finite 
forward edge, vertical velocities arise in 
front of and in the entrance region. Iizuka 
(1952) has shown that vertical velocities 
arise in the entrance region of windbreaks. 
A finite stand, or one which has a forward 
edge and small horizontal extent perpen- 
dicular to the wind, will also produce hori- 
zontal components perpendicular to the 
major axis of air flow. No information is 
available on the magnitude of these effects. 
Accordingly, data on edge effects obtained 
in the present study must be interpreted 
in a qualitative sense. 


Re 


one studied (20 percent stocked ) in lapse 


In low-density stands similar to the 


conditions, the infinite wind profile does 
not fully develop within 70 feet or four 
It is 
likely, however, that wind conditions of 
an infinite stand are reached 250 feet or 


rows of trees from the stand edge. 


13 rows of trees in from the edge. 
7 


2. In lapse conditions, moderate winds 
suffer a greater percentage reduction than 
light winds, but they both reach maximum 
reduction at about the same distance from 


the edge. 





' 
(b) Inversion conditions 
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FIGURE 5. 
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3. In inversion conditions, on the other 

hand, light winds reach maximum attenua- 
tion closer to the stand edge than do mod- 
erate winds. In the stand studied, it is 
probable that 10-m.p.h. winds were re- 
duced the maximum amount 100 to 150 
feet in from the edge, whereas 2(0)-m.p.h. 
winds may not have reached this point 250) 
feet in. 
Comparison with Other Data. Because of 
differences between this stand and those 
studied elsewhere and in methods and tech- 
niques of measurement, quantitative com- 
parisons with previous work are not possi- 
ble. However, certain useful qualitative 
comparisons can be made. 

Wind profiles under lapse conditions can 
be compared in four forest stands (Fig. 6). 
Data are given by Gisborne (1941) for a 
dense stand of conifers with understory in 
northern Idaho; wind speeds are for mid- 
afternoon on a typical summer day. La- 
timer (1950) reports winds under daytime 
conditions in a hardwood jungle. Fons 
(1940) measured winds in an even-aged 
ponderosa pine stand in California which 


c) Moderately dense d) Smoll isoloted 
conifer stand 


without under- 


conifer forest 
without under- 
Story 

(Fons, !940) 


story 
(Present study) 





FIGURE 6. Comparative wind profiles under lapse conditions. 
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had a computed stocking of 62 percent 
based on number of stems per acre. 

The following points may be noted from 
visual comparison of the four lapse profiles. 

1. Wind speed is nearly constant in 
the tree crown region, although a small in- 
crease with height occurs in stands with 
understory (Figs. 6a and 64), and a defi- 
nite minimum occurs in the crown region 
of stands without understory. 

2. Wind speed in the tree crown region 
is decreased much more by the moderately 
stocked stand (Fig. 6c.) than by the sparse- 
ly stocked stand ( Fig. 6d). 

3. A relative maximum of wind speed 
occurs in the trunk region of stands with- 
out understory. This maximum occurs at 


approximately the halfway point in_ the 


trunk space. In stands with dense under- 
story, wind speed is essentially constant 
from near the tree tops to within a few 
where 


feet of the ground a sharp wind 


gradient occurs. 


Inversion profiles also show marked 
similarities (Fig. 7). “wo points may be 
noted. 
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1. In all inversion profiles, wind speed 
in the crown region is more nearly con- 
stant with height than it is in the lapse 
profiles. 

2. A secondary maximum occurs in the 
trunk region in the two stands without un- 
derstory. However, this maximum is not 
as sharply defined as in the lapse profiles. 


Conclusions 


1. Wind profiles from an isolated, 145- 
tree stand of ponderosa pines show qualita- 
tive similarity to profiles obtained in sim'- 
lar stands of greater areal extent and 
greater density. 

2. “Infinite-stand” wind profile was not 
fully developed 70 feet in from the stand 
border. 
a fully 


did occur 250 feet in under lapse condi- 


The data tentatively suggest that 
developed “infinite-stand” profile 


tions. 

3. Under inversion conditions, the wind 
profile reached its full development nearer 
the edge for light winds (10 m.p.h.) and 
farther from the edge for moderate winds 
(20 m.p.h.), as compared with lapse con- 


d) Citrus orchard 
(Kepner et al, 1942) 


c) Small Isoloted 
conifer stond 


without under - 
story 
(Present study) 
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ditions. 

4. Maximum attenuation of wind by 
tree crowns was 50 to 60 percent during 
lapse conditions and 60 to 70 percent dur- 
ing inversion conditions. Greater percent- 
age reductions occurred with stronger 
winds. 
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Mtikrotopographischer Atlas Mediter 


By Bruno Huber and Christine Rouschal. 
1954, 28.50 DM. (Approx. $6.78) 


REVIEW by Johnson Parker 
University of Idaho 


\lthough many Americans may not realize it, 
a good deal of research was carried out in 
German universities during World War I! 
which had little or nothing to do with the war 
effort. Also, with fine precision instruments 
readily at hand, work in plant anatomy was 
comparatively easy to undertake. The present 
book is an outgrowth of some of this wartime 
research. 

with a 


Beginning 
the Tharandt Forestry Academy in 1866, this 


gift of Spanish woods to 
ollection was augmented by the work of Ernst 
Rouschal around 1936. Although Dr. Rouschal 
was killed in the war, his wife worked over 
the collection and together with Bruno Huber, 
lirector of the Forest Botany Institute at the 
University of Munich, made the work ready 
for publication in 1945. At last, some nine 
years later, it has been published. 


If one opens the book nearly anywhere he 
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finds on the right hand page rour photograp 1s 
usually of one wood, including cross, radial, 
ind tangential views taken at about 40 to 250 

magnification. On the left is a des ription 
of the wood. Also included is a cipher sys- 
tem referring to the punch card method of 
cataloguing woods. Other interesting details, 
such as the presence of crystals, are sometimes 
mentioned. 

This book, slim as it is, adds substantially to 
the microanatomical books on woods such as 
Eberhard Schmidt’s “Mikrotopographische At- 
las der mitteleuropiischen Hdlzer” (1941), 
Holdheid’s work contained in the “Handbuch 
ler Mikroskopie in der Technik” (1951), 
Greg 
Laubhélzer und Striucher 
Grundlage” (1945), Met and Chalk’s 
the Dicotyledons,” and Phillips’s 
“Identification of Softwoods”’ (1948). 
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Lhe European Larch: Its Races, Site 


Requirements and Characteristics 


‘THE EUROPEAN LARCH (Larix europaea 
pbc.) es. decidua Mill. ), from the 
standpoint of foresters and plant geogra- 
phers, is one of the most interesting trees of 
Europe (Rubner, 1952). As early as the 
middle of the 18th century, when the origi- 
nal central European forests were being 
cut over, a trend toward increasing use of 
larch in reforestation was evident. The 
choice of larch was based on (1) a strong, 
valuable wood available in large sizes, (2) 
rapid growth and high yields, and (3) ap- 
parent adaptability to a wide variety of 
sites both in and outside of its natural range. 
‘Today, in spite of the failure of many of 
the original plantations, and partially be- 
cause of the trend away from pure stands 
of Picea excelsa, larch is recommended as 
an important component of mixed stands, 
especially in Germany, Austria and Swit- 
zerland. 

The purpose of the present paper is to 
summarize some of the information on 
larch available in recent European litera- 
ture, to present some additional data con- 
cerning the climate and soils in areas of 
larch culture in eastern Austria and to 
review American experience with this spe- 


cies. 
The Races of Larch 


Larix europaea does not have a continuous 
range over the European continent (Fig. 


INomenclature of European species follows 


Rubner (1953). 
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1). Instead there are four distinct, closed, 
natural distribution regions plus several out- 
liers in the east and south Carpathian 
mountains and the Bihar mountains of 
Rumania. These groupings of European 
larch, plus Larix stbirica which is native to 
the northern part of European Russia, and 
is sometimes considered a sub-species, con- 
stitute the larches of Europe. 

‘The four major groups of Larix europaca 
are referred to in the German speaking 
parts of Europe as (1) Alpen (Alpine), 
(2) Sudeten, (3) Tatra and (4) Polen 
(Poland) larch. 

The Alpen larch extends throughout the 
central Alps from southeast France east- 
ward to within about 20 miles of Vienna, 
Austria. In elevation it occupies a zone ex- 
tending from timberline, which is 2400 to 
2500 meters in the west Alps and 2300 to 
2400 meters in the Italian south Tirol, to 
as low as 300 meters in the Vienna Woods. 
According to Tschermak (1935) the opti- 
mum elevation is 1400 to 1500 meters, 
yet the larch performs very well at 600- 
700 meters. Above 1600 meters it is too 
cold for optimum growth and there are 
many crooked-stemmed trees. 


Journal Paper No. J-2787 of the lowa Agri- 
cultural Experiment Station, Ames, Iowa. 
Project No. 1153. The author is Professor of 
Forestry, lowa State College, Ames, Iowa, and 
was Fulbright Research Scholar in Austria, 
1953-54. 


‘The area of the Alpen larch, as can be 
inferred from its horizontal and_ vertical 
distribution, does not have a single uniform 
climate. Larch is most prominent in the 
interior valleys of the Central Alps which 
have a continental-type climate. It also 
occurs in the border mountains of the north 
Alps having semi-oceanic climates and in 
the continental-influenced climate of the 
Vienna Woods. It is most prominent on 
high ridges and open slopes and generally 
appears to avoid depressions and valley bot- 
toms. 

Although the larch of the Central 
Alps is often spoken of as the Alpen race 
of European larch, it lacks the genetic uni- 
formity of a single race. Instead it probably 
represents a group of races and/or clines. 
The genetic variability has been demon- 
strated in Switzerland (Fisher, 1952; 
Leibundgut and Kunz, 1952), in Austria 
(Schreiber, 1940) and in Germany ( Mor- 
mann, 1953; Rubner, 1941; Schober, 
1949; Zimmerle, 1941). Rubner (1953) 
states that at least the larch from the Vienna 
Woods, the Bliihnbach valley and the east 
Styrian border mountains between 400 and 
800 meters elevation must be separated out. 
His provenance experiments in the Erzge- 
birge and the forest at Tharandt (Rubner, 
1938, 1941) also support the separation of 
a high elevation race (above 1800 m.) 
from the low elevation Alpen provenances. 
Leibundgut and Kunz (1951) tested larch 
of 27 provenances in the greenhouse, the 
nursery and at two field locations, in Swit- 
zerland. They confirmed the existence of 
phenologically and morphologically differ- 
ent ecotypes and gave criteria useful in dis- 
tinguishing among them. Zimmerle (1941 ) 
states that the success or failure of larch 
in Germany depends chiefly on the race 
used. In Wiirttemberg the low-elevation 
Alpen sources —Bliihnbach and Vienna 
Woods — are recommended. Mérmann 
(1953) attributes the generally gratifying 
success of Alpen larch in Baden to low-and 
middle-elevation seed sources. 


The Sudeten larch is considered by 


Rubner (1943, 1953) a distinct geographic 
race (L. europaea var. sudetica) having 
special significance for European forestry. 
The occurrence of this race is limited to 
the east slope of the Altvater mountains in 
the southeastern Sudetenland on the present 
border between Czechosolvakia and Poland. 
It occurs in stands at elevations between 
316 and 850 meters—considerably lower 
than Alpen larch. Because of snow action 
it disappears from Picea excelsa stands be- 
tween 700 and S00 meters (Rubner, 
1952) and only single specimens reach 
1000 meters elevation. 

The Sudeten larch (Cieslar, 1914), in 
comparison to Alpen larch, is faster-grow- 
ing in youth, more tolerant, straighter in 
stem, has a narrower crown with thinner, 
more upward-inclined branches and twigs, 
and leafs out somewhat later in the spring. 

Although Sudeten larch occurs in the 
transition region between oceanic and con- 
tinental climates, studies by Rubner (1952) 
show that differences between Alpen and 
Sudeten larch cannot be due to climate 
and that this is a distinct geographical race 
of the sub-montane region. Unfortunately 
for accurate racial studies, Alpen larch has 
been introduced into the Sudetenland and 
great care must be taken in choosing a 
seed source, 

The Tatra larch, with permanent range 
in the high and low Tatra mountains of 
Czechoslovakia and Poland, was investi- 
gated thoroughly by Rubner in 1943-44 
(1951) and the supposition that its occur- 
rence was related to the impact of a con- 
tinental climate was confirmed. In the high 
Tatra larch stands go up to 1500 meters 
and from this point to timberline single 
specimens occur with Picea excelsa and 
Pinus cembra. In the lower Tatra, larch 
occurs with Pinus sylvestris and other spe- 
cies at 700 to 800 meters. This occurrence 
with pine on rocky sites at low elevations, 
along with its occurrence at timberline is 
characteristic of larch (Rubner, 1952) 
since it is a shade-intolerant, pioneer species 
and colonizes naturally open areas laid bare 
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by avalanches or cultivation, and exception- 
ally rocky areas. Only through forest man- 
agement has this natural occurrence pattern 
been modified. 

The Polen larch was originally distrib- 
uted from upper Silesia through central and 
southeast Poland. ‘Today there are only a 
few relict mixed stands, the largest of which 
lie in the Lysagora (Lyso Gory) region 
about 60 miles northeast of Krakow, Po- 
land. The Polen larch occurs between 150 
and 600 meters elevation. Precipitation in 
this region (Rubner, 1953) amounts to 
only 500-550 mm (20-22 inches). It is, 
therefore, a race of the “plains” with a 
moderate continental-type climate, as con- 
trasted to the more severe continental cli- 
mate of the area to the northeast occupied 
by Larix sibirica, Provenance tests of Polen 
larch have been made in Austria (Schreiber, 
1940,1944), and in Wiirttemberg and 
Tharandt, Germany (Rubner, 1938, 
1941), and as a part of the provenance 
program of the [nternational Union of 
Forest Research Organizations (Fischer, 
1952; Baldwin, 1953). 

The most important additional localities 
of occurrence of Larix europaea are in the 
east Carpathian mountains at Cachlau, Ru- 
mania, at an elevation of 1200 to 1400 
meters, and in the Bucegi range of the 
South Carpathian mountains near the Pre- 
deal pass. 

Another group of larch that deserves 
comment is the so-called Scottish larch. 
According to Anderson (1950) the Euro- 
pean larch was originally introduced into 
England in the 16th and into Scotland in 
the 17th century. Some authorities claim 
that, more or less by accidental selective 
breeding, a special race was developed in 
Perthshire, now known as the Scottish race. 
This race is very superior in Scotland to 
some, at least, of the Swiss and Austrian 
races. Schotte (1916-17) states that the 
old good larch stands of Sweden came from 
Scottish sources, while poor stands are of 
Alpen origin. Rubner (1953) suggests that 
Scottish larch may be of Sudeten origin. 
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‘The question naturally arises whether the 
larch groups can be differentiated on mor- 
Unfortunately 
this is not now possible. From a study of 


phological characteristics. 


10,000 cones from trees in permanent com- 
munities of the four larch groups Rubner 
(1952, 1953) reports: 

1. Alpen larch cones are larger (2 to 
3.5 em. long) than cones from Sudeten 
(1.8 to 2.8 cm.), Tatra (1.8 to 2.8 cm.) 
and Polen (1.5 to 2.0 em.) larches. In 
the Alps, with several exceptions, the higher 
the elevation, the larger the cones. The 
cones of the Vienna Woods larch are 
larger than the average of each of the four 
groups. 

2. Alpen larch has scales which are 
weakly arched with a wavy, bent upper 
edge curved slightly toward the outside; 
the scales of Tatra, Sudeten and Polen 
larches, in contrast, are shell-shaped with 
the upper edge bowed toward the inside. 

The above characteristics are not fool- 
proof since weather markedly influences 
cone size and characteristics, but they are 
useful in doubtful cases. Fifty to 100 cones, 
at a minimum, are needed to make a sepa- 
ration. 

The first comparative investigation of 
the growth of larch races was made by 
Cieslar (1914). This experiment, plus 
provenance test plantations in Wiirttemberg 
(Zimmerle, 1941) and Saxony (Rubner, 
1952), which are now over 20 years old, 
show that: (1) the Sudeten larch grows 
faster than the other three larches. Larch 
from the Vienna Woods and the Tatra and 
Polen larches, however, grew nearly as 
fast. (2) The Alpen larch shows no de- 
crease in average height growth, in relation 
to source elevation, up to 1600 to 1700 
meters. Above 1800 meters there was de- 
creased growth. (3) There are single fast- 
growing Alpen larch seed sources, e.g. the 
“Calvalese” from about 1000 meters in the 
south Alps, the Bliihnbachtal at 800 to 
1000 meters near Salzburg, and probably 
the Semmering larch at 1000 meters some 
50 miles southwest of Vienna. (4) Tatra 
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and Sudeten larch in comparison to Alpen 
larch, show no growth differences associated 
with elevation of seed source. 

The International Union of Forest Re- 
search Organizations has sponsored larch 
provenance tests in Europe and America. 
Based on eight years growth Fisher (1952) 
tentatively recommends the following five 
provenances for the Swiss midlands: Bliihn- 
bach and Krumbach from Austria, Cierny 
and Murau from the Tatra and Hubert- 
skirch from Sudetenland. All are how- 
elevation provenances. 

Leibundgut and Kunz (1952) list the 
following characters as useful in distinguish- 
ing larch of different provenances: 

1. The yearly course of height growth. 
They found that the growth of Alpen larch 
from high elevation took place early, in 
contrast to Sudeten and low-elevation Al- 
pen provenances. The time in which half 
the height growth was completed was most 
useful: some seed sources differed by as 
much as a month. 

2. Total height of 6-8 year old larches. 
Height tended to decrease with increasing 
elevation, although there were numerous 
exceptions. Alpen larch from low eleva- 
tions attained nearly the same height as 
Sudeten larch. 

3. High-elevation provenances turned 
color earlier in fall and exhibited greater 
branch thickness. 

Schreiber (1944) found that Polen larch 
had the thickest, and Sudeten larch the 
thinnest, bark. Heartwood formation in 
25-year-old larch was greatest in Sudeten 
and least in Alpen larch. 


Distribution and Occurrence in 
Relation to Climate 


The Alpen larch is found naturally at ele- 
vations whose average temperature rela- 
tions give rise to beech (Fagus sylvatica) at 
lower elevations, and spruce (Picea exceisa) 
at higher elevations. Within these eleva- 
tional zones there is great variation in the 
abundance of larch. 

Largely as a result of the studies of 
Tschermak (1935) the natural distribution 
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of European larch (Alpen group) is con- 
sidered related to the occurrence of a con- 
tinental-type climate. “Tschermak’s map 
shows great concentration of larch in the 
interior Alpine valleys. On the northern 
rim of the Alps and at other locations where 
there is little or no larch, the sites are open 
to the moist winds from the Atlantic ocean. 
Frequently one and the same mountain 
chain is free of larch on its windward side 
and colonized by larch on its lee side. This 
relationship is vividly demonstrated when 
one journeys from the Boden See, at the 
German-Swiss-Austrian border, through 
Vorarlberg and over the Arlberg pass into 
Tirol, Austria. On the northwest edge of 
the Alps there is much beech and practically 
no larch; in Vorarlberg there is a scattered 
occurrence of larch; but over the pass in 
Tirol beech all but disappears and is re- 
placed predominantly by larch. Vorarlberg 
and the nearby, low-lying areas of Ger- 
many and Switzerland are open to the in- 
coming, moisture-bearing winds from the 
west and have a distinct oceanic-type cli- 
mate. In contrast, Tirol is blocked on the 
north, west and south from these winds 
which lose most of their moisture on the 
outer slopes and are warmed and become 
drier as they descend into the interior 
valleys. 

Table 1, giving climatic data for three 
larch areas in Austria, contrasts the climate 
for St. Anton in Tirol (larch-abundant 
site) with Langen in Vorarlberg (larch- 
free site) and illustrates the above relation- 
ship. Both stations are at about the same 
elevation yet Langen receives 67 percent 
more precipitation than St. Anton and the 
relative humidity averages 10 percent more 
(15% during mid-day). While the aver- 
age annual temperatures are similar, St. 
Anton is warmer in summer and colder in 
the winter, and the average daily tempera- 
ture fluctuates over a wider range. Tscher- 
mak (1935) cites many instances of the 
above relationship in the eastern Alps, both 
north and south of the higher Alpine 
masses. 


Larch has other peculiarities of distribu- 
tion worth noting. On the chief mountain 
ridges larch is more abundant on the south 
than on the north sides. As one travels 
from the outer to the inner Alps, at a given 
elevation, the larch stocking percentage in- 
creases. In the interior valleys the timber- 
line lies higher than on the outside ridges 
and the percentage of larch increases with 
increasing elevation. In ali of these cases 
the relatively larch-free sites have less 
fluctuating temperatures and are cloudier 
than the larch-abundant sites. 

The influence of continental climate on 
larch is further illustrated by contrasting 
larch abundance in the northern border 
mountains of the Alps. West from Steyer, 
Austria thru Vorarlberg and Switzerland 
the outside Alpine ranges are generally 
avoided by larch. Eastward in Lower Aus- 
tria and southeastward in Steiermark, how- 
ever, the lowest border mountains are 
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colonized by larch which appears to prefer 
the shady mountain sides. ‘Table 1 gives 
climatic data for Gutenstein, Lower Aus- 
tria at the extreme eastward extension of 
Alpen larch, and for Ober Hollabrunn in 
the rolling to hilly land 50 miles north of 
Vienna, where introduced larch thrives. 
The climate here is transitional from oceanic 
to continental and both sites have higher 
temperatures, greater temperature fluctua- 
tion and lower relative humidity than bor- 
der or mountain areas to the west. 

In the area of the Alps and over the 
entire natural range of the species, larch 
is found thriving on a great variety of sites 
differing with respect to elevation, aspect, 
radiation, temperature, precipitation, humid- 
ity and length of growing season. These 
sites, according to Rubner (1952) and 
Tschermak (1935) have one thing in 
common—a continental-type climate with 
relatively great temperature variation and 


e LEGEND 


ALPEN LARCH 


Fy SUDETEN LARCH 


AQ) Tatra LaRcH 
O 


POLEN LARCH 





+++ SCATTERED 
OCCURRENOE OF 


LARCH 
RUSSIA 
++ 
oBUDAPEST 
4 
HUNGARY + 
RUMANIA 
+ 44 
BUCHAREST 
9° 
BELGRADE 
| 
JUGOSLAVIA 
BULGARIA 





cain = 


FIGURE 1. Distribution of the major naturally-occurring groups of European larch. 
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TABLE 2. 
(After Schober, 1949) 


Growing season 


Site ‘Tempera- 
Class Location ture-C 
I-11 Northwest Germany 14.6 
L11-\ Northwest Germany 14.6 
I-11 Baden 14.8 
1-1] Wiirttemberg 15.6 
Sudeten larch 14.1 


(400 m. elev.) 

Alpen larch 

‘Tauern (750 m. elev.) 13.6 
Polen larch 

Lemberg, Krakau 

(275 m. elev.) 16.0 





Climatic data for different areas of larch culture and occurrence. 


Precipitation-mm 


Precipi- Dormant Rain 

tation-mm Season Annual Factor 
2.31 1.79 731 1s. 
2.18 1.69 693 14.9 
Zt 2.0 829 18.2 
De 1.8 812 17.9 
2.3 657 16.5 
3.5 1059 26.0 
2.4 812 15.0 


Precipitation for growing and dormant seasons given in millimeters per day. 


Rain factor =— 


Ave. daily growing season precipitation 


summer days with much incoming and out- 
going radiation. 

In the areas of west Germany and Swit- 
zerland, where larch has been artificially in- 
troduced, the climate is oceanic instead of 
continental. Schober (1949), who studied 

27 larch stands in northwest Germany, 
many of which were of high vigor, states 
that apparently larch is not bound to a con- 
tinental climate or to a particular level 
of temperature and precipitation. Lang 
(1932) states that the relative terms “con- 
tinental”’ and “oceanic” should not be used, 
that larch grows well both in the moun- 
tains and on level lowlands and that a 
light-filled space is its principal site require- 
ment. Table 2 gives climatic data for areas 


of larch cultivation in Germany as con- 
trasted to areas of the Sudeten, Alpen and 
Polen larches. 

Although the sites of abundant natural 
larch occurrence receive less precipitation 
than sites without larch, the best larch sites 
Larch 
has a high transpiration ratio (water re- 
quirement), 


are in no way precipitation-poor. 


according to Tschermak 
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\ve. growing season temperature 


K 100. 


(1935) and (1921), and 


would not be expected to thrive on dry 


Sc h reibe r 


sites.” Great transpiration assumes an abun- 
dant water supply. Therefore, according 
to one common European view, larch pre- 
fers moist sites with considerable clear 
weather, intense incoming radiation, higher 
day temperatures and wind movement. 
‘Tschermak, the principal proponent of this 
view, states that light relations, as such, 
play no role in the natural distribution of 
Alpen larch. 

Miinch (1936) does not agree on the 
importance of temperature flunctuations 
and high transpiration, and Biihler (1922) 
and Lang (1932) accepted light as a factor 
playing an important part in the distribu- 
tion of larch. 

In view of the many excellent larch 
stands in west Germany ( Mérmann, 1953; 
Schober, 1949; Zimmerle, 1941) the pres- 
ent author doubts that the conditions for 

“Burger (1945) states that larch has the 
highest water requirement of any of the com- 
mon European conifers. 





FIGURE 2. Mature larch stand in the Albula 
valley, Switzerland (Courtesy Eidg. Anstalt 


fiir das forstliche Versuchswesen, Sewitzerland ). 


rapid transpiration determine the local oc- 
currence and abundance of larch. European 
larch is said to be less intolerant of shade at 
high elevations, where there is more in- 
coming radiation and generally more larch. 
Light itself (Lang, 1932), or light inecon- 
nection with temperature, particularly as 
they affect the course of competition, could 
be determinative. Rubner (1953), how- 
ever, states that the natural boundaries of 
larch cannot be thought of as due only to 
competition since there are, in the region 
of larch outposts, numerous old avalanche 
strips where competition with other species 
is excluded, but which are not colonized by 
larch. 


Soil Requirements and Tolerances 


In Switzerland, because it did not occur in 
the northern and western border moun- 
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tains, which were formed predominantly of 
limestones and dolomites, larch was pre- 
viously considered a calcophobic species. In 
contrast, in Germany, because larch seemed 
to grow better on limestone-derived soils 
it was once considered calcophilic. Studies 
by Tschermak (1935) in Austria, Zim- 
merle (1941) in Wiirttemberg and Mér- 
mann (1953) in Baden show that larch 
grows satisfactorily on soils derived from 
many different types of rocks and that the 
distributional boundaries of larch are not 
influenced by the underlying rock type. 


The relations of larch occurrence and 
growth to soil have been investigated in 
Germany, Austria and the United States 
(Aird and Stone, 1955). “Tschermak 
(1935) and Lang (1932) 


2) concluded that, 
like most tree species, larch grows best on 
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average to deep, loose, fresh loam and sandy 
loam soils. It does not thrive on tight loam 
soils especially in rainfall-rich regions. Zim- 
merle (1941) reported detailed profile de- 
scriptions and soil analyses for a number of 
larch sites in Wiirttemberg. Pore volumes, 
water and air content, water at field capac- 
ity, capillary water rise, exchangeable bases 
and pH were investigated. Results of this 
investigation did not support the earlier as- 
sumption of Lang (1932) that larch in 
warm regions grows best on acid, nutrient- 
poor soil. No connection was found be- 
tween larch growth and vigor and either 
pH or exchangeable bases; larch was found 
on site quality I on strongly acid, weakly 
acid and neutral soils. Soils of site quality 
I were characterized by greater than aver- 
age depth, good water conduction, field 
capacity usually under 30 percent by vol- 
ume, air content sufficient for root respira- 
tion and penetration of roots throughout 
the different horizons. The physical soil 
properties, and not soil fertility and reac- 
tion, thus have a decisive influence on the 
growth of larch on most sites. Anderson 
(1950), however, states that larch requires 
at least moderate base-richness and fails on 
infertile soil; and that larch is not “happy” 
on extremely base-rich sites. 

That larch is a species favored by moist, 
fresh soil in supported by the following 
evidence: On dry, sunny slopes the larch 
stocking percentage tends to be very small; 
on very shallow soils larch is short-shafted 
and narrow-ringed. Larch favors the shady 
north aspects, particularly in the dry, steep- 
sloped dolomite mountains, on warm, low- 
elevation sites, in valleys subjected to the 
action of the dessicating Féhn* winds, and 
at the low elevations of the long, central 
Alps valleys which receive small amounts 
of precipitation. 

European larch is sensitive to, soil wet- 
ness resulting from poor surface and in- 
ternal drainage. Tschermak (1935) noted 
that larches planted on wet meadow showed 
poor growth-form, were covered with li- 
chens from top to bottom, had low-vigor 
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crowns and were gradually dying. Cieslar 
(1904) reported a similar example where, 
after 20 to 30 years, many trees had died, 
those remaining were mostly spike-topped 
and there was severe infection with larch 
canker. Biihler (1922) describes 18-year- 
old larch on impermeable subsoil in a re- 
search garden at Tiibingen, Germany as 
covered with lichens while on drained 
ground they were free of lichens. In still 
another example (Tschermak, 1935), 8 
foot-high chlorotic larch on undrained soil 
regained normal green color one year after 
drainage. 

Larch also appears sensitive to soil com- 
paction. Tschermak (1935) notes that 
conifers planted on land previously used for 
agriculture often die after a period of good 
growth. His explanation is that soil freed 
of stones and decaying tree roots takes on 
a very dense structure. “Two examples were 
noted within the natural range of larch, one 
where larch was planted alone, the second 
where larch and spruce were planted to- 
gether. In the latter larch proved more 
sensitive than spruce to soil compaction. In 
a third example outside the natural range of 
larch several thousand trees thrived for 20 
years on former agricultural land, later 
sickened and died. The sensitivity of larch 
to poor soil drainage and compaction sug- 
gests that the roots have either high oxygen 
requirements, low carbon dioxide tolerance, 
or both. 

European larch is one of several Euro- 
pean conifers, including Pinus nigra aus- 
triaca, Pinus sylvestris, and Picea excelsa, 
that remain healthy and can make satisfac- 
tory growth on natural, highly calcareous 
soils. Zimmerle (1941) found larch in 
Wiirttemberg thriving both on strongly acid 
(pH 4.3) and near neutral soils. In the 
eastern Alps Tschermak (1935) found 
that larch thrived on acid, neutral and 
strongly alkaline soils. Table 3, giving sup- 


porting data, shows that dominant larches 


34 chinook-type wind becoming warmer 
and drier as it descends after passing over 
Alpine crests. 


TABLE 3. Larch occurrence and growth in relation to geologic formation and 
soil pH (adapted from Tschermak, 1935) 


pH 
Total De pth of soil Sample 

Geological Elevation Age Height 5-10 20-25 45-50 \ssociated 

Formation meters years meters m m cm Species 
Limestone 35 7.2 7.3 px Spruce, Fir, Beech 
Shale with limestone 570 50 19 7.4 faa 7.3 Scotch pine 
Limestone 600 7 Ta Unknown 
Limestone 73 27 7.0 7.7 dad Spruce, Beech 
Flysch and sandstone 740 120 36 5.5 5.1 5.3 Beech, fir 
Limestone 1,000 150 20 5.6 7.9 8.3 Unknown 
Limey, dolomiti« 1,000 110 35 8.7 8.0 8.8 Spruce, Be 

shale (Slate) 

Mica schist 1,360 140 7.4 4 7.6 Unknown 
Slate (shale) 1,500 100 26 5.0 6.9 6.8 Spruce 


35 meters (115 feet) high were found on resistant, tenacious, healthy species (‘T'scher- 


soils, derived from sandstone and flysch, mak, 1935). However, when the range of 
with pH values of 5.1 to 5.6 and also on larch was extended by planting and seed- 
soils formed from calcareous, dolomitic ing, particularly into the lowlands of Ger- 
shales with pH values up to 8.6 and 8.8.4 many, a serious larch disease became evi- 

This author has investigated larch grow- dent. This disease, the larch canker, is 
ing at the edge of, and beyond its natural caused by the fungus Dasycypha willkom- 
range, in eastern Austria, in an area where mi (Hart) Rehm. 


precipitation varies from 550 to 900 mm 
(22 to 36 inches) annually. Thrifty larch 
was found on five sites where the pH at the 
surface and throughout the entire profile 
was 7.6 and above. Three of the five sites 
were extremely dry. The soils investigated 


The entire larch culture in Germany is 
dominated by the question of the larch sick- 
ness, which is a very complex phenomenon 
(Rubner, 1952) (Forestry Commission 
Gt. Britain, 1948). Generally the first 
symptom of the disease is the dying of 
branches, starting at the base of the crown 
and working upwards (“aufsteigenden 
Zweigdiirre”). Frequently the lower part 
of the stem and the lower branches are cov- 
ered with lichens. The larch canker fun- 


were formed from calcareous conglomerate, 
loess, and sandy gravel, respectively. Table 
+ contains data relating to two of the alka- 
line- and one of the acid-soil sites. From 
all of these data it can be concluded that 
larch is capable of growing on the most 
alkaline of naturally calcareous soils, as well 
as on quite strongly acid soils. 


gus is connected, in some manner not yet 
entirely clear, with the branch dying. 
Since the larch canker is most prevalent 
The Larch Canker in the mild climate regions of the German 
lowlands, Miinch (1936) and Day (1931, 


The European larch in its permanent 3 es s : 
I f 1951, 1955) see its cause in the early be- 


range in the cast Alps is. an exceptionally ginning of vegetative growth and in late 





*Since the pH at equilibrium, of a soil solu- spring frost damage. The disease generally 
tion saturated with calcium carbonate, is about does not manifest itself until after the first 
8.3, Tschermak’s pH values of 8.6 to 8.8 are 10 to 15 years and is most serious between 
evidently due to the presence of considerable the 20th and 40th (Rubner, 1452) or 
Mg or other ions. 20th and 80th years (Schober, 1949). 
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Why the branch dying and canker infec. 
tion begins after the larch has outgrown 
the frost zone is not known and Burger 
(1945) cites this as evidence against the 
frost theory. 

Langner (1936) states that the canker 
fungus cannot grow through healthy bark 
tissue during the growing season. It is lim- 
ited at the end of the vegetative period, to 
a several millimeter-broad branch zone 
where, due to enzyme action and tannin 
deposition, the osmotic pressure of the cells 
These cells freeze with 
and 


has been reduced. 
light with 
weather the fungus penetrates the frozen 


a very frost warmer 
tissue. A new zone of tissue is then in a 
like This 


process may be repeated several times dur- 


manner made _frost-sensitive. 
ing a warm winter. The more longitudinal 


form of the canker is due to severe drying 


of infected tissue in summer, followed by 
cork formation and the separation of healthy 
and diseased tissue by a split over which the 
fungus cannot bridge itself. 

According to Plassmann (1927) Dasy- 
cypha willkommiu occurs both as a saphro- 
phyte and a parasite on larch. It may first 
infect dead branches and then spread to 
living tissues. Because it occurs as a saph- 
rophyte, spores are available each year in 
almost every stand for parasitic infection. 
Avoidance of pure stands, therefore, as rec- 
ommended in some texts, is not a satisfac- 
tory control measure. Useful control mea- 
sures are (1) pruning of dead branches 
before the fungus has an opportunity to 
infect the main stem, and (2) postponing 
natural pruning until the beginning of 
strong bark formation at about 20 years of 


age. 


TABLE 4. Profile description and pH for three loess-derived soils supporting 
larch in northeastern Austria. Precipitation 600 mm (24 inches) annually. 


Depth 
Through 
Horizon 


pH! and 


Location Horizon cm Depth 
I Az 36 4.8 (a 32 
B 78 5.2 @ 56 
C 100 + 5.4 @ 95 
Il Ay 23 7.6 (a 3 
Cy 53 8.2 fa 50 
. 100 + 7.8 @ 95 
Ay 40 7.9 fa 3 
Ill As) 70 8.3 (@ 60 
C,\ 
"fe 100 + 


1pH values determined with glass electrode. 
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cm 
cm 
cm 
cm 


cm 
cm 
ecm 


cm 
cm 


Tree and Site Description 


Aspect SSW 
Slope 28 percent 
Age dominant larch 58 years 
Height dominant larch 70 feet 


Associated species Pinus sylvestris 
Picea excelsa 


Quercus sessiliflora 


Aspect Valles 
Slope None 
Age dominant larch 109 years 
Height dominant larch 95 feet 


Associated species Pinus sylvestris 


Pu Ca OX elsa 


Aspect SE 

Slope 25 percent 
Age dominant larch 20 vears 
Height dominant larch 20 feet 


Associated species Torylus sp. 
\ ted sp G yl t 


Cornus sp. 
Crataegus sp. 


™- 2 


™.- 2 


During the 18th century very much 
larch was planted in Germany. Had the 
plantations all succeeded larch would to- 
day make up 30 percent of the stocking in 
stands in German forests (Rubner, 1952). 
By the middle of the 19th century a reac- 
tion against further planting of larch had 
set in. But in spite of the canker, and be- 
cause of the fast growth of larch in youth 
and the production of excellent wood, it 
continued to be planted. In the long run 
most of the plantations failed but a few did 
not become infected with canker. The 
presence of these thriving plantations in the 
same localities with seriously cankered larch 
was spoken of as the larch puzzle (larchen- 
ratzel). 

In south Bavaria, outside the Alps, only 
a few small good stands of larch exist. In 
northern Bavaria and in northwestern Ger- 
many, good stands occur more frequently. 
In Baden, by contrast, (Mérmann, 1953) 
larch has grown quite satisfactorily. In- 
vestigation of the good and poor larch 
stands in Braunschweig (Germany) has 
shown that the high quality 130 year-old 
stands grew from seed collected in the Su- 
detenland, while the severely-cankered 60- 
80 year-old stands are of Alpen origin. 
Moérmann (1953) has traced the many 
canker-free larch stands of Baden, Ger- 
many, to seed from low elevation Alpen 
sources. The excellent larch stands in 
Schlitz in Hessen are thought to have origi- 
nated either from the Vienna Woods or 
from low-elevation Alpen sources. 

Cieslar (1914) could not prove that Su- 
deten larch was more canker-free than 
Alpen larch because young Sudetenland 
larch stands, from which seeds were ob- 
tained, often originated from Alpen sources. 
Miinch (1936), however, was later able 
to prove that the cankerless stands were 
composed of genuine Sudeten larch. The 
experiments in Wiirttemberg, Germany, 
now over 20) years old, show (Zimmerle, 
1941; Rubner, 1952) that Sudeten, Tatra 
and Vienna Woods larch are completely or 


almost canker free, while Alpen larch, in 


this oceanic-influenced climate, is very seri- 
ously infected. Japanese and Korean larch 
are also canker-free. Riibner (1952), 
who is very familiar with Sudeten larch 
stands and has traveled widely in the Tatra 
and Vienna Woods areas, states that larch 
canker is very rarely encountered among 
trees of these three races in their native 
habitats. 

Compared to Sudeten larch, Alpen 
larch, at least of some provenances, starts 
shoot growth 5 to 8 days earlier in the 
spring (Miinch, 1936), and is therefore 
often endangered by frost. Bark, cambium 
and buds are damaged and made suscep- 
tible to canker-fungus infection. Burger 
(1935) has shown, and Leibundgut and 
Kunz (1952) have confirmed, that Alpen 
larch from high-elevation sites starts growth 
earlier than that from low elevations. 

Rubner (1953) states there is more 
larch canker at high elevations in the Alps 
than at low elevations and he quotes Cieslar 
as saying canker is more abundant where 
the life functions of the tree were most dis- 
turbed by mechanical interference. Burger 
(1943) suggests that where fungi and in- 
sects attack larch needles the new shoot 
growth does not completely ripen in the 
fall and is more susceptible to frost and 
canker. 

Schober (1949) does not agree that the 
canker problem is primarily a problem of 
race. As proof he states that, of the larch 
stands of Alpen origin in northwest Ger- 
many, those over 9() years of age are 
canker-free while 54 percent of the younger 
stands have 10 percent or more of infected 
stems. Schober emphasizes that the immu- 
nity of Sudeten and the susceptibility of 
Alpen larch to canker are not proven and 
that a widespread use of Sudeten larch as 
insurance against canker loss is poor policy. 
Rubner (1952) believes that Schober’s 
older larch were of low elevation Alpen 
provenance. 

While the preponderance of evidence 
suggests that the larch canker in the low- 
lying, oceanic-influenced climate areas of 
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FIGURE #4. Larch-broadleaf mixture in For- 
stamt Neckarschwarzach, Baden, Germany. 
Largest trees are 37 meters (122 feet) high 
( Cour- 
TARY Fr rstmetster E. Sauer and O } erfor stmet - 
ter P, Mérmann ). 


and &6 cm. (34 tnche in diameter. 


Europe is primarily a problem of race, most 
authors agree that much can be done in 
minimizing canker infection through care- 
ful site selection, timely thinning and silvi- 
cultural treatment designed to maintain 
rapid growth. Many foresters consider the 
latter of equal importance to proper race. 


Other Enemies of Larch 


The following summary of some of the 
agencies injurious to larch is taken from 
Tschermak (1935) and 
(1953). It should be emphasized that 
larch is an exceptionally pest-free and re- 


( Mérmann 


sistant species in its natural range. 

On steep slopes larch develops bent 
stems (saibelwuchs) due to snow and soil 
movement down slope. Larch suffers rather 
serious snow breakage and stem bending, 
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especially where heavy wet snows occur; it 
is resistant to fall and winter frost but is 
somewhat more sensitive to spring frosts. 
Larch is more frequently damaged by light- 
ning than associated species which it gen- 
erally overtops. It is superior to all asso- 
ciated species in resistance to windthrow. 

Larch is injured by deer, squirrels and 
mice. Young trees are damaged or killed 
through rubbing and biting by the small 
roe-deer (reh) as well as occasionally by the 
large red deer (hirsch). Mérmann lists 
deer as the most serious enemy of larch in 
Baden, Germany. In one instance 56,000 
out of 72,000 plants were lost. Squirrels 
peel and girdle young larch, especially the 
top one-half meter of stem. On grassy 
sites, especially in mild climates, mice may 
cause serious damage by chewing the ten- 
der bark in winter. 

The principal insects causing damage are 
the larch case bearer (Coleophora laricella 
Hbn.), the larch shoot moth (Argyresthia 
laevigatella H. Sch.), the larch leaf roller 
(Grapholita d'niana Gn. and the “larchen- 


FIGURE 5. 


An eighty-year-old European 
larch plantation on deep silt-loam soil in cen- 
tral lowa. Area used by both sheep and hogs. 
Dominant trees 75-80 feet tall. 





~~ 


re, 


rindenwicklers” ( G raph olita zebeana 
Rtzb.), the eight-toothed larch bark beetle 
(Ips cembrae Heer), the bark beetle (T'e- 
tropium Gabrieli Weise), the larch bud 
gall midge (Cecidomya Kellneri Hnschl.), 
several aphids (Chermes abtetis b.) and 
(Chermes  strobilobius Kltb.), the larch 
cone and seed fly (Chortophila laricicola 
Karl) and the larch thrips (Taeniothrips 
laricivorus Krat.). 

Besides the canker fungus the principal 
fungus enemies of larch are the butt rots 
caused by Fomes annosus (Fr.) Cke. and 
Polyporus schweimitzu Fr., the larch needle 
rust ( Melampsora larici-tremulae ‘Kleb.) 
and a needle blight fungus (Hypodermella 
laricts v. Tub.). 

Requirements for Mixed Stands 

The two most important natural mixed 
types of the eastern Alps, of which larch is 
in important component, are (‘T’'schermak, 
1935): (1) Spruce-Fir-Larch-Beech (Pi- 
cea excelsa, Abies pectinata, Larix europaea, 
Fagus sylvatica) with or without Pinus syl- 
vestris; and (2) Spruce-Larch (Leibund- 
gut, 1951). The first occurs in the border 
ranges of the Alps north and south of the 
highest summits, the latter is the principal 
type of the inner Alpine valleys. Larch 
occurs naturally and has been widely cul- 
tured in other types. 

Hardly any other tree in Europe pos- 
sesses so many valuable qualities, making it 
suited as a component of mixed stands, as 
does the larch. Schober (1949 and 1952) 
and others list the following as characteris- 
tics affecting its use in mixed stands. 

1. Larch produces superior, valuable 
timbers and, through its mixture with pine 
and beech, total yields are greater than are 
often obtainable with the same _ species 
grown in pure stands. 

2. Larch, up to the age of 30 to 40 
years, will outgrow in height all other com- 
monly-used European upland species. If 
given full light from the start, larch re- 
mains a head dominant for many years and 
by later careful thinning it can be main- 
tained in stands until the rotation end. 

3. Larch is very shade-intolerant and 


where crowns touch the larch is easily sup- 
pressed by other species; only its fast 
growth in full light or timely thinning will 
result in its retention in the stand. 


4. Larch has great longevity and attains 
considerable height on good sites. ‘T'scher- 
mak found larches in ‘Tirol, Austria, up to 
672 years of age and heights up to 47 me- 
ters (155 feet). Entire stands up to 150 
years of age are common at middle eleva- 
tions and between 150 and 250 years at 
higher elevations. Mérmann (1953) cites 
the case of a larch planted in Baden, Ger- 
many in 1791 which in 1950 was 56 me- 
ters (184 feet) high. Larch can live in 
most mixed stands as long as any other spe- 
cles in the mixture; this is in distinct con- 
trast to Picea excelsa which on lowland 
sites is managed on an 80 to 100 year rota- 
tion and does not commonly come through 
on the longer rotations used for beech, pine 
and oak. The attaining of great heights 
also helps the very intolerant larch in com- 
peting and maintaining itself in mixed 
stands. 

5. Larch, because of its deep rooting 
habit, is normally very windfirm on all ex- 
cept very shallow or poorly-drained, com- 
pacted soils. 

6. When larch is used with beech, larch 
can be held over, after the beech has been 
regenerated, for the purpose of seeding 
openings to larch. In such cases the beech 
reproduction is not damaged by shading 
and competition, and epicormic branch 
formation on the larch is not abundant. 

7. Larch (Schober, 1952), when used 
with tolerant species, can improve soil con- 
ditions. In 116 pure and mixed larch 
stands investigated in northwestern Ger- 
many Schober (1952) seldom observed 
raw-humus formation. A fairly rapid and 
complete decomposition of litter and humus 
is favored by the easy passage of light 
through older larch stands and by other al- 
tered stand climatic factors. Other investi- 
gators (Bungert, 1935; Wittich, 1933) 
have cited examples of raw humus forma- 
tion under larch and of the difficulty of 
decomposing larch litter. 
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8. On most sites, in mixture’ with 


beech, larch has smaller, finer branches 
than Pinus sylvestris, which is often poor- 
formed. 

The failure of larch in Germany, be- 
sides its use on unsuited sites had been due 
to (1) the larch canker and (2) strong 
competition with tolerant species, like 
beech or spruce, when timely thinnings 
were not made. Larch should be limited to 
the better sites because it more quickly 
grows through the size classes subject to 
canker infection. 

The most common. artificial mixtures 
with larch are spruce-larch, beech-larch, 
oak-larch, pine-larch. In west Germany 
(Schober, 1949); Mérmann, 1953) the 
mixture spruce-larch is not favored because 
spruce competes too strongly for crown 
space and provides a better stand climate 
for growth of the larch canker fungus. 
Lichen formation is also encouraged. This 
is in contrast to the situation in the Alpen 
and Sudeten homes of the larch where 
there is a more natural mixture of these 
two species. 

The mixture beech-larch is very prom- 
ising. Where this mixture has failed in the 
past the principal cause was failure to thin 
at the correct times to maintain the domi- 
nance of the larch. This mixture is very 
successful if beech is established somewhat 
later than the larch. Schober (1952) cites 
examples of superior beech-larch mixtures 
where the larch is 30 to 52 years older 
than the 60 to 70 year old beech with 
which it is mixed. ‘Timely thinning is 
especially important on the good larch sites 
which are also good beech sites. In north- 
west Germany there were fewer canker- 
infected larch stems in larch-beech = mix- 
tures than in pine-larch stands (Schober, 
1949). 

The mixture oak-larch appears very 
promising (Schober, 1949 and 1952) but 
on average oak sites there is danger that 
the oak will be overgrown by the faster- 
growing larch and will become an under- 
story tree, in which position it is not vig- 
orous. Larch in such stands is often very 
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limby. On the best oak sites a larger part 
of the oaks can be maintained in the domi- 
nant and codominant classes. A disadvan- 
tage is that oak requires a very long rotation 
to attain the most valuable sizes and in 
these cases larch, in Germany, frequently 
becomes rotted at the butt. The rot is 
caused mostly by Fomes annosus and less 
often by Polyporus schweinitza. Dominant 
as well as intermediate trees are infected 

The mixture pine-larch can be recom- 
mended only where there is sufficient soil 
freshness for the larch. On typical pine 
sites with dry soils, little precipitation or 
low water tables, the larch grows more 
slowly than the pine and this mixture is not 
recommended. Larch has its principal value 
in large sizes which are produced only on 
the better sites (M6rmann, 1953). 

The mixture beech-oak-larch is very 
promising in Baden, Germany, but timel\ 
thinnings are needed to keep the larch in 
the head dominant position. The mixture 
beech-oak-pine-larch, common in Baden, is 
also very promising. 

Schober (1952) states that successful 
larch mixtures are attainable on sites with 
deep, fresh, loamy to clayey soil with excel- 
lent water-supplying characteristics. Other 
factors favoring successful larch mixtures 
are careful choice of the method of forming 
or regenerating the stands, the kind of 
mixture and stand care, especially timely 
thinning. In Baden, Germany, beech-oak- 
larch-pine is frequently regenerated natu- 
rally by some form of progressive strip 
shelterwood method. 


European Larch in the United States 


Following the Civil War, larch was plant- 
ed sporadically in Massachusetts, Connecti- 
cut and Vermont (Hunt, 1932; Cook, 
1939) and rather widely as windbreaks 
and woodlots, particularly in the western 
part of the Corn Belt. Younger plantations 
are most numerous in Pennsylvania, New 
York and southern New England. The 
availability of planting stock from Europe, 
at a time when nursery stock of American 
species was unavailable, was the principal 





reason for the early American plantations 
of larch, Scotch pine and Norway spruce 
( Baldwin, 1953). The excellent perform- 
ance of larch on suited sites suggests that 
this species will find wider use in northeast- 
ern and north central United States. In 
addition to its use as a construction timber 
and for poles, ties and posts, larch can be 
pulped (Cook, 1947) and the oleoresin 
used for preparation of Venetian turpen- 
tine (Tschermak, 1935). 

The provenances of the older larch 
plantations are not accurately known. Cook 
(1939) and Hunt (1932) cite opinion and 
evidence that most of the older larch in 
New England is of Scottish or English 
origin. Baldwin (1953) suggests that much 
of the coniferous planting stock used in the 
nineteenth century was imported from 
Germany or Holland. Larch imported 
from Germany likely would be of the high 
and low Alpen and Sudeten races. 

Seed origin for many of the more re- 
cent larch plantations is better known 
(Baldwin, 1953; Cook, 1941, 1942; Lit- 
tlefield and Eliason, 1953). As a part of 
the larch provenance testing program of the 
International Union of Forest Research 
Organizations, Baldwin (1953) received 
55 lots of seed from Europe in 1946. These 
were planted in New York and New 
Hampshire and plantations established in 
1948. Other provenance tests are in prog- 
ress in four additional localities (Wright, 
1955). Some of these include compara- 
tive tests of Japanese larch, Larix leptole pis 
Sieb. and Zucc., the Dunkeld hybrid larch, 
Larix eurole pis ( Larix europaea X L. lep- 
tolepis) and the Dahurian larch, Larix 
gmelimt Rupr. Litvin. 

European larch in America exhibits the 
rapid height growth characteristic of the 
species in Europe (Cook, 1946). Hunt 
(1932), from a study of 47 sample plots 
in New England and New York, and Aird 
and Stone (1955) from 45 plots, found 
site index values ranging from 35 to 85. 
On site index 80 heights of 65 feet are at- 
tained in 30 years. In Iowa deep silt-loam 
soils of the Fayette series on exposed sites 


support trees 80 to 95 feet tall, heights su- 
perior by 5 to 15 feet to those attained by 
adjacent hardwoods. 

In duration of height growth, larch be- 
haves more like hardwoods than conifers. 
Cook (1941) found that larch started 
growth in New York between May 27 and 
June 4 and stopped between August 30 
and September 23. The period of height 
growth averaged 99 days. Corresponding 
periods in days for other conifers were: red 
pine—54, American larch—88, red spruce 

61, white spruce 
48 and hemlock 
of height growth may explain the greater 
yearly growth of larch. 


59, Norway spruce— 
$5. The longer period 


Diameter growth is also very rapid in 
youth but decreases quickly in unthinned 
stands, indicating need of early thinning. 
In a 15-year-old plantation (Cook, 1946), 
where the average diameter of all trees was 
4.4 inches, the largest tree was 6.9 inches 
B.H. and 49 feet tall and the average 
height of all dominant trees was 40 feet. 
In unthinned stands at 60 years on site class 
I yields are about 5500 cubic feet per acre 
and on site class III about 4,000 cubic feet 
(Hunt, 1932). 

Studies in the U.S., like those in Europe, 
show that larch prefers a deep, well- 
drained soil in the texture range fine- 
sandy-loam through silt-loam (Hunt, 
1932; Aird and Stone, 1955). It does not 
grow well on excessively drained soils nor 
on stiff clays and is sensitive to poor soil 
drainage as indicated by gley dev:lopment, 
mottling and compaction (Aird and Stone, 
1955). Although there is some evidence to 
the contrary (Day, 1948), observations in 
Iowa and Europe show larch capable of 
growing on highly calcareous soils wtih pH 
values well in the alkaline range. 

Larch is resistant to winter cold and is 
not subject to winter killing (Hunt, 1932), 
an important point in its favor when larch 
is planted in the western half of the Corn 
Belt. Larch often suffers from late spring 
frost, causing young trees to become bushy, 
a condition which they later outgrow 
(Hunt, 1932). Buds burst very early, often 
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before the frost is out of the ground, and 
leaves are fully grown before shoot growth 
begins (Cook, 1941). Survival of larch 
planting stock in Iowa is low if buds burst 
while stock is in transit or before planting. 
Lang (1937) attributes such planting losses 
to the fact that new root growth does not 
immediately follow bud burst. The supply of 
water for new foliage must come from the 
old root system and this supply is often in- 
adequate if there is incomplete soil-root 
contact or if new foliage is subjected to 
intense radiation, low humidity and high 
winds. Early bud burst makes larch par- 
ticularly susceptible to injury in frost 
pockets. 

Larch suffers injury from numerous 
other sources. Twenty-five percent of the 
plantations surveyed by Hunt (1932) had 
been noticeably injured by ice storms, the 
branches and leaders of larch being rather 
brittle. Red squirrels (Scturus hudsonicus) 
cause considerable damage locally by cut- 
ting off twigs to get the buds on which they 
feed (Hunt, 1932; Cook, 1954). Sudeten 
larch appeared to be less susceptible than 
Scottish larch (Cook, 1954). Porcupines 
(Erethizon dorsatum dorsatum), by eating 
the inner bark and girdling the tree, cause 
more serious injury to larch than squirrels 
and were the principal reason for discon- 
tinuing the planting of this species on the 
Harvard Forest (Spurr, 1950). The ani- 
mals may work at any height but usually 
the girdling is near the top where the bark 
is still smooth and tender (Hunt, 1932). 

The principal fungal enemies of Euro- 
pean larch are Fomes annosus, which causes 
a butt rot, and Dasyscypha willkommia, the 
larch canker fungus (Hunt, 1932). The 
latter was first discovered in America in 
1927. 

Insects found feeding on European larch 
in the U.S. are the larch sawfly (Pris- 
tiphora ertchsonu Htg.), which was first 
definitely recorded in North America in 
1882, but which may be native to both 
America and Europe (Craighead, 1950; 
Hunt, 1932), the larch case bearer (Cole- 
ophora laricella Hbn.), which is native to 
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Europe but is found in the U.S. (Craig- 
head, 1950; Hunt, 1932) and several spe- 
cies of aphids, particularly Chermes stro- 
bilobius Kalt. which has been found in 
northeastern U.S. (Hunt, 1932). 

In planting European larch in the North- 
east, 2- or 3-year-old planting stock of 
sufficient size to protrude above grass is 
preferred (Hunt, 1932). Fall planting is 
recommended because of the early spring 
bud burst and subsequent frost injury, Oc- 
tober being the preferred month. Hunt 
(1932) recommends a spacing of 7 to 8 
feet and suggests that stands mixed with 
hardwoods will be safer and more profitable 
in the long run. 

Plantations set out on cutover lands or 
brushy old-fields require weeding during 
the first 10 to 12 years (Hunt, 1932; 
Cook, 1955). Because of the extreme in- 
tolerance of the species weeding should 
start early. Once dominant the larch will 
outgrow all other conifers commonly used 
in the East, except possibly Norway spruce 
(Hosley, 1936). Hunt (1932) suggests 
that thinnings should begin early, at about 
20 years for a seven foot spacing and per- 
haps 25 years for 8 foot spacing. Observa- 
tions in Iowa point to the desirability of 
even earlier thinning as is recommended in 
Great Britain. 


Discussion and Summary 


The European larch extends from south- 
eastern France to east central Rumania 
and north to central Poland; in elevation 
it ranges from timberline at 2500 meters 
(8200 ft.) in the central Alps to about 150 
meters (500 feet) in Poland. Within this 
area are four separate major distributional 
- The Alpen, Sudeten, Tatra and 
Polen—plus several smaller outliers in Ru- 
mania. Between and within some of these 
groupings are major genetic differences of 
importance in the culture of larch. 

In the Alpen group there are major 
differences in growth, time of shoot forma- 
tion and canker susceptibility associated 
with elevation of origin. The Sudeten 


larch starts shoot growth 5 to 8 days later 


groups - 


~~ 


than many of the Alpen provenances, is 
more canker-free at low elevations and is 
considered a distinct race (Larix europaea 
sudetica). Only a few remnants of the 
once widely distributed Polen larch now 
exist. ‘This group and the ‘Tatra larch, 
although less thoroughly investigated than 
the Alpen and Sudeten groups, are con- 
sidered distinct racial groups which differ 
from each other and from Sudeten and Al- 
pen larches. Attempts to differentiate be- 
tween the groups on a morphological basis 
have proven only moderately successful. 
Certain growth characteristics have proven 
useful in distinguishing high from low ele- 
vation provenances within the Alpen group. 

The principal European larch disease, 
and one very important in larch culture in 
the lowlands of west Europe, is the larch 
canker caused by the fungus Dasycypha 
willkommu. Larch, in the regions of its 
natural occurrence, is a very healthy, re- 
sistant, long-lived species. However, when 
planted in the low-lying areas of west and 
northwest Germany, most of the trees be- 
came infected with canker fungus and died. 
The presence of a few healthy plantations 
among others which completely failed was 
referred to as the larch puzzle. Differences 
in canker infection were later traced to dif- 
ferences in seed provenance. Sudeten, Tatra 
and Polen larches, as well as at least some 
of the low-elevation Alpen larches are re- 
sistant to larch canker. Several of the better 
low-elevation Alpen sources are Bliihnbach- 
tal, Vienna Woods, and Semmering. The 
higher elevation provenances, when planted 
in the lowlands with oceanic climate, were 
seriously canker-infected. The apparent 
cause lies in the earlier starting of shoot 
growth coupled with late spring frost 
which opens the damaged tissue to fungus 
infection. 

The larch is a long-lived, fast-growing 
tree that produces a valuable timber wood. 
In regions of its best development in the 
Austrian Alps it attains ages up to 600 
years, diameters to 55 inches B.H. and 
heights over 150 feet. The oldest tree on 
record (in Tirol, Austria) was 672 years. 


The tallest tree, in Baden, Germany, 184 
feet. 

European larch grows on a great variety 
of sites differing with respect to both cli- 
mate and soil. Through its different races 
and clines it is adapted to 2500 meter- 
(timberline ) as well as 150 meter-sites. In 
its natural range it is most abundant in 
the inner valleys of the Alps and in other 
areas which have a continental-type cli- 
mate. ‘These areas are characterized by 
many clear days, abundant incoming radia- 
tion, lower than average humidity, consid- 
erable yearly and daily temperature fluctu- 
ation, and free wind movement. Although 
these areas with a natural abundance of 
larch receive less precipitation than areas 
with few larches, this species does best on 
soils that are constantly moist and have a 
good water-conducting capacity. A com- 
mon, although not universal, point of view 
is that since larch has a high transpiration 
ratio (water requirement) it thrives best 
on sites which are well-watered, well- 
aerated and also have climatic conditions 
required for rapid transpiration. However, 
the excellent growth of larch in the moister, 
cloudier, more even, oceanic-influenced 
climate of Baden and other areas in west- 
ern Germany suggests that rapid transpira- 
tion is not necessary for larch. It is sug- 
gested that the natural abundance of larch 
in these areas having a continental-type 
climate may be related more to the great 
shade intolerance of this species, as it affects 
competitive ability, than to conditions af- 
fecting transpiration. 

The European larch prefers deep, well- 
aerated, moist, sandy-loam to silt-loam soils. 
It has been found thriving on soils derived 
from many different kinds of rocks. Soil 
fertility and soil reaction have not been 
found significantly related to larch site 
quality, but the physical soil properties re- 
lating to moisture retention and aeration 
are important. Larch grows satisfactorily 
on soils with pH values below 4.5 and it 
tolerates and thrives on natural, highly cal- 
careous soils with pH values up to 7.8 in 
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all mineral horizons. It is a species sensitive 
to poor surface and internal drainage and 
to soil compaction. 

In some of the inner valleys of the Alps 
larch occurs naturally in pure stands. Its 
more characteristic occurrence, however, is 
as mixtures, principally spruce-fir-beech- 
larch and spruce-larch. Larch is also an 
important component of artificial mixtures 
in the beech and oak forest zones of west- 
ern and central Europe. It is suited for 
mixtures because it is very fast growing in 
youth, attains great heights and can_ be 
maintained as a head-dominant on good 
sites. It is very intolerant and its open 
crown transmits much light and does not 
injure the more tolerant stand members. It 
is long-lived and can be managed, in con- 
trast to spruce, on rotations as long as re- 
quired by its associates. It is deep rooted 
and windfirm. It generally does not form 
raw humus in central Europe and when 
mixed with tolerant species may improve 
soil conditions. 

Recommended larch mixtures are beech- 
larch, oak-larch, pine-larch, beech-oak- 
larch or beech-oak-pine-larch. The most 
successful mixtures are attainable on the 
better soils, although timely thinnings to 
maintain the dominant crown position of 
the intolerant larch are required. 

European larch has been rather widely 
planted in the northeastern quarter of the 
USS. starting about 100 years ago. On suit- 
able sites its growth has been excellent in 
areas as widely separated as New England 
and Iowa. It has numerous enemies but, 
except locally, these do not appear seri- 
ous enough to preclude its use in future 
forests. For eastern U.S. it would seem 
that the low elevation European _prove- 
nances should prove more adaptable. 
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Various means for controlling wood density 
are now being sought. The author reports on 
some relationships of growth, volume, and 
weight yield of spruce. 

Analy sis of the wood of 30 spruce trees rep- 
resenting three different stands in Germany is 
based on specific gravity of the wood through- 
out the length of the trees and by 10-vear 
groups of growth rings from the center to the 
circumference in the four cardinal directions 
at the respective tree heights. 

The investigations show that the specific 
gravity of wood changes with the development 
and age of a stand along with environmental 
influences and forest management practices. In 


even-aged spruce stands, dominant trees as a 
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rule had lower specific gravity than codominant 
and intermediate trees. Physiologically restrict- 
ed (suppressed) trees, however, likewise were 
of low density. Thinnings that promoted the 
most rapid growth caused formation of lighter 
wood than in the case of more moderate thin- 
nings and slower growth. The influence of 
site and location, except elevation, may be ob- 
scured by the management practices. Rapidly- 
grown spruce stands should produce at least 20 
percent more wood volume in order to equal 
the intrinsic weight of wood from moderately- 
thinned stands. Other advantages of initial 
full stocking and later moderate thinnings ap- 
peared in the improvement of lumber grades. 
Care in the regulation of growth when stands 
are rejuvenated is recommended. 


Species Crossability in Spruce in Relation 


to Distribution and Taxonomy 


OUR TREE BREEDING philosophy in the 
Northeast differs from that found in many 
other regions. One reason for this differ- 
ence is that planting now plays a small part 
in the silviculture of the region. There has 
been little pressure on the tree breeder to 
produce improved strains for immediate 
use. Instead we have been able to take 
what we call the survey approach; we 
make a survey of possible methods of ob- 
taining improvements before we embark on 
detailed studies. 

We have done this with spruce. This 
paper is a report on an attempt to correlate 
species crossability with geographic distri- 
bution, morphology, and phylogeny. It in- 
cludes a brief discussion on the practical 
possibilities of species hybridization. 

The spruce-improvement program of the 
Northeastern Forest Experiment Station 
was begun in 1940 at New Haven, Conn., 
by Ernst J. Schreiner and his colleagues. 
This program, interrupted by the war, was 
resumed in 1948. 

There was only limited background in- 
formation available for planning our spruce- 
improvement program in 1940. This con- 
sisted of the early racial trials with Nor- 
way spruce, the accounts of the few known 
natural hybrids, and the performance rec- 
ords of the many exotic species that can be 
grown successfully in the Northeast. The 
first step in our survey approach was to de- 
dermine the species crossability pattern. 

The establishment of a correlation be- 
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tween species crossability and morphology, 
geographic range, or phylogeny proved to 
call for more than mere compilation of 
available data. ‘There are excellent range 
maps for Japan, North America, and 
northern Europe; but new maps had to be 
prepared for other regions. It was neces- 
sary to delve into the systematics of some 
of the little-known Chinese species, and it 
was necessary to re-examine the phyloge- 
netic concepts developed by previous 
workers. 

There are still three serious obstacles that 
prevent a complete understanding of spe- 
cies crossabilities. One is the relative paucity 
of information on fossil history. Lindquist’s 
(1948) and Hulten’s (1937a, 1937b) ex- 
cellent researches provide information on 
the post-glacial history of the boreal species 
but we have little knowledge of their pre- 
glacial history. There is almost no informa- 
tion on either pre- or post-glacial distribu- 
tion of other species. 


This study was conducted in cooperation 
with the Morris Arboretum of the University 
of Pennsylvania, Philadelphia, Pa., which pro- 
vided many of the trees used in the research, 
1s well as office and nursery space. Thanks are 


also due to other arboreta, mentioned in the 
text, for the use of their trees. Dr. H. Bx Li 
was very helpful in translating some of the 
Chinese and Japanese references cited. 

The author is Geneticist at the Northeastern 
Forest Experiment Station, Forest Service, 
U. S. Department of Agriculture. 
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The second obstacle is the unsatisfactory 
taxonomic status of many of the Asiatic 
species. This is not a reflection on the skill 
of the taxonomists. It is due to the fact 
that these species grow in inaccessible re- 
gions and are therefore represented by 
meager collections. Although the author 
believes that certain name changes would 
be desirable, he has not suggested them in 
this paper because the really difficult cases 
can be solved only by extensive field study. 

The third obstacle to a complete under- 
standing of species crossabilities is the fact 
that up to now controlled pollinations have 
been made on too few specimens and in 
too few localities. 


Material and Methods 


Most of the parent trees used are located in 
the Morris Arboretum of the University of 
Pennsylvania; in the Westtown School 
Arboretum, Westtown, Pa.; or on the 
campus of Haverford College, Haverford, 
Pa. A few Norway and white spruces lo- 
cated on private erounds were also used, 
and pollen of some species was obtained 
from the Arnold Arboretum of Harvard 
University, Jamaica Plain, Mass., and 
from the Institute of Forest Genetics of 
the California Forest and Range Experi- 
ment Station, Placerville, Calif. Identifica- 
tions of all parents have been checked by 
the author and when possible by competent 
authorities such as Alfred Rehder. Com- 
mon names of American and foreign spe- 
cies follow Little’s Check List (1953b) 
and Rehder (1940) respectively. 

Pollen was collected by bringing in near- 
ly open male catkins and letting them shed 
on paper in light at room temperatures. 
Shed pollen was collected once daily. In 
most cases 1 to 3 days were required for 
pollen extraction. Catkins that were col- 
lected too early to shed in 3 days usually 
did not shed at all. The pollen was stored 
at 25 percent relative humidity in a refrig- 
erator. 

Since several tests of year-old pollen had 
proved successful, it was used if fresh pollen 
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was unavailable; in table 1 no distinction 
is made except for intraspecific crosses. 
Most of the crosses on early blooming 
Picea asperata and P. glauca female in- 
volved year-old pollen, whereas most 
crosses on the late-blooming P. abies and 
P. omorika females involved fresh pollen. 
Frequently pollens of several trees of the 
same species were mixed when trying a 
cross for the first time. 

‘There is very little spruce pollen in the 
air near Philadelphia because almost all the 
species are uncommon there. Hence it was 
unnecessary to bag the flowers before pol- 
lination. Except in 1948 (when the flowers 
were bagged) the pollination procedure 
consisted of merely dipping unbagged flow- 
ers into a pollen vial and labelling the 
branches. This technique allowed one man 
to pollinate 10 to 20 times more flowers in 
a season than he could have if he had 
hagged all flowers. This procedure was 
quite satisfactory for all species except Nor- 
way spruce. This species was a heavy pol- 
linator in 1953 and the results for many 
Norway spruces had to be discarded be- 
cause of the high seed sets to open pollina- 
tion. 

The control-pollinated cones were col- 
lected from 2 days to a week before natural 
cone opening was due to start. The cones 
were spread out in warm rooms to open. 
The seed was collected by vigorous shak- 
ing of the opened cones and by dissection of 
cones that failed to open. After de-winging, 
the seed was placed in 95 percent alcohol 
for a minute or two. Floating seeds were 
discarded as empty; sinking seeds were kept 
as full. Whenever numbers of seeds per- 
mitted, cutting tests were made to deter- 
mine whether alcohol flotation was giving 
complete separation of empty and _ full 
seeds. The submersion in alcohol had no 
apparent effect on seed viability. 

Within the limits of the available mate- 
rial, at least two tree X tree combinations 
in each of two different years were devoted 
to each cross. Apparently successful crosses 
were repeated as often as possible. Success 








TABLE 1. 


glauca 
(21-5)/ 


mariana 
Ql-4) 


Summary of artificial crossing ¢ 


jesocensis var. 
hondoensis (1-2) 


vor k, 1948-1953 


Male parent 


(1-2) 
year-old pollen 
freeh pollen 


(4-2) 


retroflexa 
(1-2) 
balfouriana 
(2-2) 
orientalis 
Intraspecific, 
Intraspecific, 


wilsonii 


¥ 
} 


(1-1) 
asperata 983 35 
(6-3) 3.3 11.8 





y Figures in parentheses after the species name indicate 
the number of trees used as parents and the number of years 
the species (but not necessarily the individual tree) was used 
as & parent. Few of the interspecific crosses were made on 
all parent trees and in all years. 


or failure of a cross in a given year was 
judged by comparative sets of filled seeds 
following wind pollination and hand pol- 
lination on the same female parent. When- 
ever necessary the significance of the in- 
creased seed sets was determined by Chi- 
square tests. 

As rapidly as possible the authenticity of 
all supposed hybrids will be checked by 
study of the seedlings resulting from the 
controlled pollinations. To date this has 
been possible for only a few of the com- 
binations. 

The progenies resulting from the con- 
trolled pollination work are being grown in 
the nurseries of the Morris Arboretum of 
the University of Pennsylvania at Phila- 
delphia, of the New York State Conserva- 
tion Department at Saratoga Springs, and 
of the New Jersey Department of Natural 
Resources and Economic Development at 
Washington Crossing. 


retro = 3 

3.0 3.0 
montigena ~_ 
2-3) 1. 0 


Successful or probably 
successful crosses 


Number of cones harvested. 
Number of filled seeds 
per cone 





Results of Controlled Pollinations 


Results of the controlled pollinations are 
summarized in ‘Table 1. Only the number 
of cones harvested and the number of good 
seeds per cone are included because all pol- 
linations gave high sets of cones and empty 
seeds (Wright, 1953) 

In P. omortka, P. anes, and P. glauca, 
the open-pollinated seed probably resulted 
from pollination by neighboring trees of 
the same species. In the other species, speci- 
mens of which were partially or completely 
isolated, much of the open-pollinated seed 
probably resulted from pollination by an- 
other species. 

The few self-pollinations tried indicate a 
low degree of self-incompatibility. More 
extensive experiments with P. abies (An- 
dersson, 1947) showed a high degree of 
self-compatibility in many trees of that 
species. 
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Properly stored year-old pollen was just 
about as effective as fresh pollen. Intra- 
specific seed sets were even higher with 
year-old pollen than with fresh pollen on 
P. glauca, and all successful interspecific 
crosses on P. glauca and P. asperata fe- 
males involved year-old pollen. 

With the exception of P. omorika X 
orientalis, all crosses gave essentially similar 
results when repeated with different trees 
and in different years. In that cross, one 
pollen of P. orientalis was ineffective on 
three different females whereas pollen from 
another tree was effective on three other 
females the same year. 

Seventeen interspecific crosses were tried 
(Table 1). 


failed and five succeeded in both directions, 


reciprocally Of these, nine 
and three crosses gave reciprocally differ- 
ent results, as shown in the following 
tabulation. 


sults in other genera (for example, the 
white pines) it may take 5 or more years of 
such observation to establish hybridity of 
some other lots. 

A summary of all reported species hy- 
brids in spruce is given in Table 2. The 
parents are arranged by geographic range 
to accentuate the relationship between dis- 
tribution and crossability (see later). Omit- 
ted from the table are the putative natural 
spruce-hemlock hybrids reported by Van 
Campo-Duplan and Gaussen (1949) and 
by Vabre (1954). 


Distribution and Taxonomic Status of 
Individual Species 


The range maps (Figs. 1, 2, 3, 4, and 
5) were compiled from the following 


Europe: Elwes and Henry (1906, 1912), Erdtman 
(1933), Lindquist (1948), Fukarek (1950). 
America Munns (1938), Halliday and Brown 

(1943), Martinez (1953). 


Crosses successful 
Parent Cones 
combinations 


Crosses made 
Flowers 
pe linated 


Parent 


Female and male parents combinations 





asperata X retroflexa 
retroflexa X asperata 


asperata X glauca 


1 
1 
glauca X asperata 12 
1 
glauca X mariana 2 


on 


mariana X glauca 


At present little importance can be at- 
tached to these reciprocal differences be- 
cause of the small scale of the work. 

The putative hybridity of the following 
crosses has been established by growth per- 
formance in the Philadelphia experimental 
nursery as well as by seed-set data: P. glau- 
ca X engelmannit, P. glauca X jezoensis, 
P. glauca X koyamai, P. engelmannu X 
glauca, P. omorika X orientalis, P. asperata 
X abies, P. abies X koyami, P. abies X 
ortentalis, and P. abies X asperata. In each 
case hybridity was established by study of 
the morphological and growth characters 
of hybrid and non-hybrid progeny from the 
same female parent. Judging by the re- 
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matured 


2 ] z 
3 0 0) 
415 F 15 
1 0) 0 
13 1 7 


60 0 0 


Japan and Kamtchatka: Wilson (1916), Hulten 
(1937a), Hayashi (1952). 

China and Manchuria: Rehder and Wilson (1914), 
Tang (1931), Fenzel (1932, 1933), Cheng 
(1939), Ku and Cheo (1941), Nakai (1941, 
1943), Teng (1947a), Bulard (1947). 

Formosa: Hayashi (1952). 

Siberia: Elwes and Henry (1906, 1912), Komarov 
(1934). 

Central and southern Asia: Elwes and Henry (1906, 
1912). 


Whenever possible, specific references 
dealing with a single species or region were 
used in preference to such general refer- 
ences as Elwes and Henry (1906, 1912) 
and Schmucker (1942). 

The range maps are most accurate and 
complete for Japan, North America exclu- 
sive of Mexico, and Europe. They are rea- 


TABLE 2. Summary of reported crosses in the genus Picea. 
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engelmannii 


sitchensis 


P F 
mariana 2, 2 
3,16 


rubens 
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glehnii 
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montigena 


orientalis 





F 
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“Direction of cross unknown. 
H—Putative hybrids obtained. 
U--Undetermined; possible hybrids. 


F--Failure. 


e Putative hybrids obtained. 


sonably accurate but probably not complete 
for China and Mexico. And they are least 
accurate for Asia outside of China. 

The Chinese and Manchurian species 
have been grouped into complexes. Only 
the complexes were mapped separately, 
although range data for the component 
“species” are included in the text. These 
component “species” are here maintained 
as such although the author feels that fur- 
ther study will reduce some of them to 
synonymy and will show others to be geo- 
grahic varieties or products of introgres- 
sion. 
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1. Cheng 1939 9. Little 1953 
2. Exlumth 1943 10. Oksbjerg 1953 
3. Heimbarger 1954 (personal ll. Rehder 1940 
communication, superseding 12. Thaarup 1945 
and correcting Johnson and 13. Westveld, M. 1954 
Heimburger 1946) (personal communication) 
4. Johnson, A.G. 14. Yanagisawa 1954 
(personal communication 15. Northeastern Forest 
5. Johnson, L.P.V. 1939 Experiment Station 
6. Langner 1952 (unpublished data 1937-41) 
7. Larsen 1948 16. Author's studies 
8. Lindquist 1948 


P. GLAUCA (Moench) Voss.— 
WHITE SPRUCE 

White spruce 

America from coastal Alaska to the north- 

ern parts of the Great Lake States, New- 

foundland, and New England, and south- 


ranges across’ boreal 


ward along the east slopes of the coastal 
and Rocky Mountain ranges of western 
Canada. There is an isolated population 
(P. glauca var. densata Bailey) in the Black 
Hills of South Dakota. Much of the Alas- 
kan material may be referable to P. glauca 
var. porsildi Raup (Raup, 1947). Over 


most of its range it is common, often form- 


volume 1, number 4, 1955 / 323 

















‘. 





pees 














4OTOO 


SEED 






PexeTjay seTeog 
| pesodxy szoerg 
azeutoey] ‘aqzemoyqqueg ‘alpqug szoeig 


FEMALE 


FLOWERS 






yywueyT 








saeak +2 ‘avak 1 peute zoey 
a yqwuey 
8 eunzem *10TO9 
ainzemmy f10To9 






aveTnpug xedy 
pexeTjoy xady 
esoug ‘azetnoTqueg ‘aitqug xedy 
ezeAogO faeTNOITD ‘oTqmouy 






CONE 
SCALES 




















ope 
UBTPeN ‘Tereydtue 












4yyuey 





Punoy fasnzqo ‘eqnoy eTeos 
@s007] ‘pesseiddy seteos 

pnq [eUTWe, punore saTpeay 
ezeTNQns ‘peteey seteos pnq TeuTMIey 
Yuet 

4IoTo9 

snouTsey 

esnqqo faqnoy 

esogoT3qns ‘ptoag *aTucg 







BUDS 


















SPECIES 





TABLE 3. Morphological characters 
plained in text.) 
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ing pure stands. It is usually an aggressive 
pioneer species. 

According to Raup (1946) there were 
no extensive forests in central or southern 
Alberta and Saskatchewan in late Wiscon- 
sin times, and the forests did not appear in 
the southern part of the Mackenzie Basin 
until the ice was gone from Great Slave 
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Lake, possibly 7,000 to 9,000 years ago. 
Evidently the species survived the Pleisto- 
cene in such glacial refuges as the Yukon 
Basin in Alaska, the Black Hills, Gaspé 
Peninsula, and parts of Prince Edward 
Island, Labrador, and Newfoundland. 
There is one record of its Pleistocene oc- 
currence in Louisiana (Brown, 1938). 
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FIGURE 1. Distribution of the North American species of Picea. Most of the spectes have contin- 


uous distribution as shown by the map. 
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White spruce is morphologically distinct 
from red and black spruce and does not 
cross naturally to any extent (if at all) with 
either’ even though it is sympatric with 
both. A few seeds were obtained from ar- 
tificial crosses with black spruce. 

White spruce has a slight range overlap 
with Sitka spruce on the Kenai Peninsula 
and nearby Chugach Mountains in Alaska. 
There the two species cross, producing 
P. X lutzu Little (Little 1953a). As 
Sitka spruce probably survived the Pleistocene 
only in the southern part of its present 
range (Hulten, 1937b) the present range 
overlap and hybridizations are probably re- 
cent phenomena. ‘The presence of several 
generations of natural hybrids between 
these species in Denmark (‘Thaarup, 1945) 
indicates that there are few or no genetic 
barriers to crossability between the species. 

The excellent crossability of P. glauca 
with P. jezoensis suggests that the Alaska- 
Kamtchatka range gap was opened in rela- 
tively recent times. 

Along the east slope of the Canadian 
Rocky Mountains is an extensive zone of 
contact between white and Engelmann 
spruces. The white spruce population in 
and near this zone of contact was treated as 
P. glauca var. albertiana (S. Brown) Sarg. 
by Sargent (1922), Elwes and Henry 
(1912), and Rehder (1940). However, 
Elwes and Henry mentioned the possibility 
that the variety was of hybrid origin. Little 
(1953a) mentioned the presence of natural 
hybrids in the zone of overlap. As explained 
below, this population is probably a yet un- 
stabilized introgression product and should 
not be given varietal status. 

A small supplementary taxonomic study 
was made to determine the extent of this 
hybridization. The following material was 
used: white spruce from British Columbia 
and Alberta from the Arnold Arboretum 
and Gray Herbarium of Harvard Univer- 


1Personal communications from C. Heim- 
burger and M. Westveld. 
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sity, and “typical” white and Engelmann 
spruces from well outside the zone of over- 
lap from the herbarium of the Morris Ar- 
boretum of the University of Pennsylvania. 
Each specimen was scored for needle stout- 
ness, presence of bloom on the branchlets, 
and 13 other diagnostic characters listed in 
Table 3. From the results of the scoring, 
indices were calculated: 

Engelmann character index = (number of 
trees X characters deviating from “typi- 
cal” white spruce)/ (total number of 
trees X characters) 


For various reasons these indices can be 
regarded as only relative measures of the 
degree to which Engelmann spruce germ 
plasm has infiltrated white spruce. The in- 
dices are presented in the following tabu- 
lation. 


Locality Tree Engelmann 
scored character 
Number index 
White spruce far distant from zone of contact 
Eastern U.S. 7 0.06 
S. Dakota, Saskatchewan 3 13 


White spruce near zone of contact 
Jasper National Park, Alberta, and 


adjacent British Columbia, 53 


Nts VW 21 34 
Banff, Alberta, and adjacent Brit- 
ish Columbia, 51° N., 116° W. 12 52 


White spruce 100 or more miles away from 
zone of contact 
Wood Buffalo Park, near Lake 
Athabasca, Alberta, 59° N., 109- 
113° W. 8 29 
Peace River Valley, Alberta and 
British Columbia, 56-58" N.,, 


117-124" W. 8 3 
“Typical” Engelmann spruce 
Western U.S. 6 94+ 


The characteristics of the “typical” white 
and Engelmann spruces are based on few 
specimens, but they agree with published 
descriptions based on large numbers of 
specimens. 

Although the Jasper Park, Lake Atha- 
basca, and Peace River collections have 
about the same hybridity indices, they do 
not possess the same characters and should 
not be considered as a single geographic va- 
riety. For the present it is best to describe 
aberrant populations in this region in ap- 
propriate English terms. 


P. MARIANA (Mill.) B.S. P. 
BLACK SPRUCE 

Black spruce is the widest ranging of the 
American species. It covers almost the en- 
tire range of white spruce from Alaska to 
Newfoundland except that it does not go 
far south in the Rocky Mountains and does 
not get into the Black Hills. In addition it 
occurs in unglaciated areas in the northern 
Appalachians. Presumably it spent the 
Pleistocene in company with both white 
and red spruce. It is typically a swamp tree 
and for that reason it is usually separated 
ecologically from the other species although 
nearly always there is an opportunity for 
crossing to occur. 

Natural hybrids with red spruce do oc- 
cur (Heimburger, 1939). No natural hy- 
brids with white spruce have been reported, 
although probable artificial hybrids were 
produced from one tree 
tion. 


tree combina- 


The range of black spruce approaches 
those of Engelmann and Sitka spruces but 
apparently does not overlap them as does 
the range of white spruce. 

P. RUBENS Sarg.—RED SPRUCE 

Red spruce is a moderately wide-ranging 
species, growing from the southern Appa- 
lachians to the Maritime provinces of east- 
ern Canada. It stops short of the large 
unglaciated areas of the Gaspé Peninsula 
and Newfoundland; it probably spread 
northward into glaciated areas occupied by 
white spruce since the Pleistocene. The 
occurrence of both black and red spruce in 
unglaciated parts of Pennsylvania and West 
Virginia indicates that these species have 
been sympatric for a much longer time. It 
is usually separated ecologically from black 
spruce but occurs on the same sites as white 
spruce. 

Westveld? and Heimburger® have rec- 
ognized no red X white spruce hybrids in 
long years of experience with the spruce-fir 

Westveld? and Heimburger (1939) 


forest. 


-Personal communication. 


found probable red (female ) X black spruce 
hybrids near a bog at Gale River, New 
Hampshire. The hybrids constituted a 
small percentage of the reproduction and 
occurred on the upland portion of the nar- 
row ecotone between typical red and black 
spruce sites. ‘he occurrence of hybrids 
near this bog is probably related to the fact 
that a previous fire had reduced the red 
spruce stand, improving the chances for the 
production of hybrid seed and for survival 
of hybrids. Westveld found red X black 
spruce hybrids under similar circumstances 
in eastern Maine. 

In a later section of this paper it is 
brought out that most southern = species 
have small and shrinking ranges, whereas 
most northern species have larger, expand- 
ing ranges. The following facts indicate 
that this generalization holds for the red 
spruce (southern) and white spruce 
(northern ). 

In northern New England three differ- 
ent trends affect the range relationships of 
red and white spruce (Westveld).* (1) 
Red spruce has nearly disappeared from 
over a million acres of spruce-hardwood 
forest as a result of repeated logging of the 
spruce to a small diameter limit. (2) In 
many areas white spruce is increasing its 
range as a result of its ability to invade 
abandoned farmland. (3) In mixed spruce 
stands red spruce tends to replace white 
spruce because of greater tolerance. The 
net effect of all three trends is a shrinkage 
of the red spruce range and an expansion 
of the white spruce range. 

In the southern Appalachians Korstian 
(1937) notes that: 


the usefulness of this (red) spruce 
forest for saw timber and pulpwood has re- 
sulted in large-scale exploitation, followed 
generally by fire, and leading to virtual de- 
struction of type. . . . On deep, well drained 
soils the proportion of spruce and fir repro- 
duction that comes in after heavy legging 
is reduced through the encroachment of ag- 
gressive hardwoods. . . . If the southern 
spruce forest is to be perpetuated it must be 
managed very judiciously. 


volume 1, number 4,1955 / 327 








Since 1939 the New York State nursery 
at Lowville, N. Y., has attempted to grow 
red spruce five different times. All sowings 
were nearly complete failures, despite the 
facts that Lowville is only a few miles 
away from native red spruce stands and 
that Norway and white spruces are success- 
fully grown in the nursery. Most of the red 
spruce mortality occurred after the first 
summer. The exact cause is unknown. 


P. ENGELMANNII Parry— 
ENGELMANN SPRUCE 

This is a widespread and important 
timber tree of the interior (and to a lesser 
extent the coastal) mountains of the west- 
ern United States and Canada. It is usually 
found associated with sub-alpine fir or in 
pure stands. It is less tolerant than the sub- 
alpine fir although more tolerant than most 
of its other associates. 

Engelmann spruce has a possible range 
overlap with Sitka spruce, and extensive 
range overlaps with blue and white spruces. 
A. G. Johnson® reports the presence of pu- 
tative natural hybrids with blue spruce, and 
there is introgression with white spruce. 


P. PUNGENS Engelm.— 
BLUE SPRUCE 
Blue spruce is a relatively uncommon, 
yet widely distributed, tree of the southern 
Rocky Mountains. A few putative hybrids 
with Engelmann spruce have been reported 
by Johnson.* 
P. CHIHUAHUANA Martinez 
Judging by the fact that it was only de- 
scribed in 1942, this is a rare species within 
its limited area distribution. Although 
Martinez commented that it was similar to 
blue spruce, it seems much more closely 
related to some Japanese and Chinese 
species. 
P. SITCHENSIS ( Bong.) Carr.— 
SITKA SPRUCE 


Sitka spruce ranges from Kodiak Island 


3Personal communication. 
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in the north to northern California. It is 
unique among the spruces in being a low- 
land tree even in the southern portion of 
its range, and is limited to coastal forests 
below 3,000 feet (much lower in the 
north). No geographic varieties have 
been described but north European foresters 
recognize geographic ecotypes; they gen- 
erally prefer seed from the Queen Char- 
lotte Islands, Canada. Its present range 
north of the United States has probably 
been occupied since the Pleistocene; during 
the Pleistocene it was probably restricted to 
the southern portion of its present range 


(Hulten, 1937b). 


early in forest succession and is a minor 


It usually comes in 


component of the climax forest. Because of 
its northern distribution in Alaska, and be- 
cause of its close taxonomic and genetic 
relationships with other northern species, 
Sitka spruce is best regarded as a northern 
species in spite of the fact that it grows at 
low altitudes in temperate regions. 

There is a slight range overlap and nat- 
ural crossing with white spruce in Alaska. 
It approaches but probably does not overalp 
the range of Englemann spruce; however, 
hybrids between the two occur in Denmark. 
In slightly warmer pre-Pleistocene times 
Sitka spruce probably grew on the Aleutians 
and was linked to P. jezoensis, to which it is 
similar taxonomically. 


P. BREWERIANA S&S. Wats.— 
BREWER SPRUCE 

This species has the smallest range of 
any American species, being confined to a 
few mountains in southern Oregon and 
northern California, where it occurs in 
mixed stands at altitudes of 4,000 to 7,500 
feet. Natural regeneration is scarce and 
nursery stock is very difficult to raise (Elwes 
and Henry, 1906). Brewer spruce is most 
similar to some of the south Chinese species. 
It probably is an offshoot of an earlier mi- 
gration than the one that gave rise to the 
other spruces of northwest America. 


P. JEZOENSIS (Sieb. and Zucc.) 
Carr.— YEDDO SPRUCE 

This has the widest range of any of the 
eastern Asiatic spruces. On the mainland it 
reaches its northern limit near Ayan, Sibe- 
ria and in the nearby Stanovoi Mountains, 
thence stretching south on hills and in 
swamps near the coast to Amurland and 
northern Korea and inland on the Burreya 
Mountains (low shrub at timberline) and 
the mountains of all provinces of Manchuria 
to its western limit in the Weichang, Jehol, 
China. It also occurs in central Kamtchat- 
ka, on the three southernmost Kurile Is- 
lands, on Hokkaido, and on Honshu, where 
it is the high-altitude spruce (1,200 to 
2,650 m.). Throughout most of its range 
it is a common tree. (Elwes and Henry, 
1906; Wilson, 1916; Komarov, 1934; 
Hulten, 1937a). 

In Kamtchatka and the Kuriles this is 
the only spruce present. It has a slight 
range overlap with Siberian spruce along 


the sea of Okhotsk. In Korea and Man- 
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FIGURE 2. Distribution of species of Picea 
on the three southern Japanese islands. The 
species have more discontinuous ranges than 
shown on the map. The Japanese portion of 
the range of P. koyamai is a small area on Mt, 
Yatsugatake, 138° 30° E., 36° N. 


churia it is sympatric with P. koyamat and 
possibly Siberian spruce. On Hokkaido it 
grows with P. glehnu. On Honshu it is 
sympatric with all the other Japanese 
species. 

Here it seems best to follow Rehder 
(1940) and Hayashi (1952) in recogniz- 
ing only one geographically variable species 
with the variety P. jezoensis var. hondoensts 
(Mayr.) Rehder on Honshu. Elwes and 
Henry (1906) maintained the Honshu por- 
tion of the population as specifically distinct 
(P. hondoensis Mayr.) from the rest of the 
population (P. ajanensis Fisch. = P. jezoen- 
sis). Gaussen and Lacassagne (1930) 
presented unconvincing arguments for 
recognizing three sympatric species in Kamt- 
chatka (P. jezoensis, P. ajanensis, and P, 
kamtchatkensis Lacassagne), basing a new 
species on portions of six previously collected 
specimens. Still more recently Vasiljev 
(1950) recognized five species (P. jezoen- 
sis, P. hondoensis, P. microsperma (Lindl.) 
Carr., P. komarovi Vasiljev, and P. ajan- 
ensis). These species were all regarded by 
their authors as closely related to each other. 

This species is morphologically distinct 
from and probably does not cross to any ex- 
tent with its sympatric species. The one 
such natural hybrid reported (P. glehni X 
jezoensis; Rehder, 1939) occurred in cul- 
tivation. 

P. jezoensis is the most probable con- 
necting link between the Old World and 
the western American species. It is similar 
taxonomically to Sitka and Englemann 
spruces and crosses easily with white spruce. 
In all probability its range overlapped that 
of one of the American species (Sitka? ) in 
the not-too-distant past. The 1,500-mile 
gap between the present ranges of P. jezo- 
ensis and the American spruces contains 
the Aleutian islands on which planted Sitka 
spruce grows. Japan-Aleutians-Alaska, Ja- 
pan-Kamtchatka-Aleutians, and  Alaska- 
Aleutians distributions are common in living 
groups and nearly all the present Aleutian 
flora is derived from Japan-Kamtchatka or 


Alaska (Hulten, 1937a, 1937b.) 
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P. GLEHNII (Fr. Schmidt) Masters.— 
SAKHALIN SPRUCE 

This has the smallest range of any of 
the northern spruces, being found only in 
southern Sakhalin and the mountains of 
Hokkaido. Its range is entirely within that 
of P. jezoensts, with which it frequently 
occurs in mixed stands. It is sympatric 
with no other spruce. In the north it occurs 
commonly in pure swamp stands but it is 
more frequent in mixed upland stands. It 
is most similar to the Formosan and certain 
south Chinese species. 


P. BICOLOR ( Maxim.) Mayr.— 
ALCOCK SPRUCE 

This is a tree of limited distribution at 
elevations of 700 to 2,200 m. in central 
Honshu. It is moderately tolerant, usually 
occurs in mixed stands, and associates at 
least slightly with all the other Honshu 
spruces. Three varieties (P. bicolor var. 
bicolor, P. bicolor var. actcularis Shirasawa 
and Koyama, and P. bicolor var. reflexa 
Shirasawa and Koyama), differing in pub- 
escence and cone-scale denticulation but 
without geographic significance, are recog- 
nized by Rehder (1940) and Hayashi 
(1952). 


P. MAXIMOWICZII Reg. 

This species was discovered on Mt. Fuji- 
yama but is now known only to the west, 
having about a 1° range of latitude in or 
near the Yatsugataka Mountains at eleva- 
tions of 1,100 to 2,000 m. It is a mod- 
erately tolerant mesophytic tree growing 
in mixed conifer stands. Some natural re- 
generation takes place. It is frequently 
associated with the other Honshu spruces. 


P. POLITA (Sieb. and Zuce.) Carr.— 
TIGERTAIL SPRUCE 
This species has the widest range of any 
of the strictly Japanese species, occurring 
on the southern islands of Shikoku and 
Kyushu as well as Honshu. It has an ele- 
vational range of 400 to 1,850 m. Al- 
though it occurs in company with all the 
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other Honshu species, it generally occupies 
lower elevations than any of them. It is 
very tolerant and is characteristic of mixed 
temperate stands. 


P. MORRISONICOLA Hayata 


This species is endemic on Mt. Morrison, 
Formosa, where it usually occurs in mixed, 
inaccessible stands. Morphologically it is 
most similar to some of the south Chinese 
species. 


P. KOYAMAT Shirasawa 

‘This species was originally discovered 
(Shirasawa and Koyama, 1913) on the 
Yatsugatake Mountains in Japan, where 
there was a grove of about 100 trees. It is 
now known from two localities in Japan, 
both within a few miles of each other. This 
population has always been regarded as 
distinct from other Japanese species and 
has retained its original name. 

Early in the present century Korea and 
Manchuria were little known botanically, 
and spruces collected there were referred to 
P. obovata (Komarov, 1902; Elwes and 
Henry, 1912; Fenzel, 1932, 1933), or 
P. schrenkiana (Rehder and Wilson, 1914), 
although Wilson (1916) considered it 
probable that all might belong to the newly 
described and relatively unknown P. koy- 
amat. In 1919 Nakai described this main- 
land population as a new species, P. korai- 
ensts Nakai, under which name it is treated 
by Komarov (1934). Modern Japanese 
foresters* consider P. koraiensis synonymous 
with P. koyamai. More recently three new 
species have been described from one lo- 
cality (Mozan, Korea) in which P. korai- 
ensis also grows: P. pungsanensis Uyeki, 
P. imtercedens Nakai, and P. tonatensts 
Nakai (Nakai, 1941). The figures and de- 
scriptions indicate that these species (each 
based on only one or two specimens) differ 
from each other slightly in branchlet and 
cone color, pubescence, cone-scale shape, 
and cone and needle length. 

The present range of P. koyamai may be 


‘Inokuma; personal communication. 


I 


e 


described as very limited in Honshu, ex- 
tensive in the mountains of north Korea 
(1,000 to 1,500 m. elevation) and exten- 
sive in the mountains of Manchuria. In 
Japan it is sympatric with four other Japa- 
nese species with which natural hybrids 
have not been reported and artificial hybrids 
have not been attempted. Over most of 
its range on the mainland it is sympatric 
with P. jezoensis although probably ecolog- 
ically separated from that species (Fenzel, 
1933). In nothern Manchuria or southern 
Siberia it probably overlaps the range of P. 
obovata. To the south it is now separated 
from the nearest Chinese species (P. as- 
perata and P. wilsonu) by about 150 miles, 
the distance between the Weichang in 
Jehol and the Wu-tai-shan. However, it 
was probably connected with the Chinese 
species during Pleistocene times, since Ma 
(1947) concludes from the mid-Pleistocene 
Siobara flora that the vegetational zones 
were then about 1,000 m. lower than at 
present. 

Four lines of evidence indicate that P. 
koyamai may be considered as one of the 
most primitive and generalized species in 
the genus. (1) P. koyamai pollen induced 
the set of full seeds on all five species on 
which it was used in the present experi- 
ments. (2) It is very generalized in tax- 
onomic characters, having few characters 
not shared by five or more other species, 
and being extreme only in branchlet color. 
(3) Its restricted disjunct range in Japan 
and Korea is rare in high-altitude conifers 
and is typical of an ancient species. (4) 
The edge of the Pacific Basin is considered 
by Li (1953) to be the center of distribu- 
tion for nearly all conifer genera; and P. 
koyamat occurs on the edge of the Pacific 


Basin. 


P. AAPPERATA COMPLEX 


This complex includes P. asperata Mas- 
ters, P. asperata var. notabilis Rehder and 
Wilson, P. asperata var. ponderosa Rehder 
and Wilson, P. aurantiaca Masters, P. 
gemmata Rehder and Wilson, P. heterolepis 


Rehder and Wilson, P. meyert Rehder and 
Wilson, and P. retroflexa Masters. 
Rehder and Wilson (1914) maintained 
the species or varieties given above. Later 
Rehder (1940) omitted P. gemmata, con- 
sidered P. heterole pts as P. asperata var. 
heterolepis (Rehder and Wilson) Cheng, 
and maintained the others as minor related 
species. Cheng (7 Hu, 1934) considered 
them all as belonging to the same species 
(P. asperata) but later (1939) maintained 
P. asperata, P. heterolepis, 


and P. retroflexa as separate species, omit- 


aurantiaca, P. 


ting the others. Growth evidence in Phi- 
ladelphia shows that at least P. asperata and 
P. retroflexa are genetically different. 

P. asperata itself is the most widespread 
member of the complex and has priority 
of naming. It is the principal member of 
the complex present in Hopei, Chahar, 
Shensi, Ningsia, Kansu, Tsinghai, and the 
Minshan of northern Szechuan. Of the 
others, only P. meyert is reported within 
this area, from the Wu-tai-shan of Shansi 
and from near the Tao River, Kansu. In 
the remainder of Szechuan and in Sikang, 
P. asperata is absent, being replaced by P. 
retroflexa near Lifan, Szechuan (31%” 
N., 103™%° E.) and near Tatsien-lu, Si- 
kang (2914° 31° N., 101% — 102° 
E.); by P. heterolepis near Mowhsien, 
Szechuan (311%4° N., 104° E.); by P. 
gemmata northeast of Tatsien-lu and Sung- 
lingkow, Sikang (2914°—31° N., 101 
102° E.). 

P. asperata itself is sympatric with P. 
wilsonn in Hopei and the Min-shan of 
northern Szechuan and with P. purpurea 
in the Min-shan. They are partially iso- 
lated ecologically, as P. asperata occupies 
the intermediate altitudes between P. wil- 
sont (low) and P. purpurea (high); but 
with over-cutting in historical times P. 
asperata has been replacing the near-climax 
forests containing the other two species 
(Teng, 1947a). 

The other members of the complex occur 
in the same localities as do various members 


of the P. likiangensis complex and in turn 
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these are nearly limited to localities recorded 
for members of the P. asperata complex. 
All this, plus the facts that these two com- 
plexes show morphological interrelationships 
(Fig. 6) and cross if given the opportunity 
(Fig. 7), indicates that many of these 
“species” are the products of recent intro- 
gression. This is substantiated by the fact 
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that P. asperata seems to have been a recent 
migrant to the area of species overlap, as 
even now it seems to be moving southward 
following over-cutting (Teng, 1947a). 
With former geographic isolation there 
would have been little need for the forma- 
tion of genetic barriers between the two 
Cheng (1939) has already 


complexes. 
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FIGURE 3. Distribution of species of Picea in China, The species have very discontinuous ranges. 
See the text for the distribution of the minor “species” included in the various complexes that are 


mapped here. 
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suggested a hybrid origin for P. sskangensts 
(=P. balfouriana X retroflexa). There 
is also the alternative hypothesis that the 
two complexes are now differentiating 
rather than hybridizing. 


P. LIKIANGENSIS COMPLEX 

This complex includes P. balfouriana 
Rehder and Wilson, P. Airtella Rehder and 
Wilson, P. liktangensis Pritzel, P. likian- 
gensis var. rubescens Rehder and Wilson, 
P. montigena Masters, P.  stkhangensts 
Cheng (P. balfourtana X retroflexa). 

Rehder and Wilson (1914) and Cheng 
(1939) maintained all species then de- 
scribed as such. Cheng (i Hu, 1934, and 
Rehder (1940) considered P. balfourtana 
as a variety (P. liktiangensis var. balfouriana 
(Rehder and Wilson), Cheng), omitted 
P. hirtella, and considered P. likiangensis 
and P. montigena as species. The forester 
Teng (1947b) treated P. likiangensts and 
P. balfouriana as major forest species in the 
region concerned, 

The eastern portion of the complex’s 
range—western Szechuan and eastern Si- 
kang—is occupied by all members of the 
complex; P. balfouriana and P. liktangensis 
are the most common. They rarely occur 
in the same locality with each other. P. 
hirtella is practically limited to localities in 
which P. balfouriana and a member of the 
P. asperata complex (either P. retro flexa or 
P. aurantiaca) are present; P. montigena 
is practically limited to localities in which 
P. liktiangensis and a member of the P. 
asperata complex are present. The peri- 
pheral portions of the range are occupied 
by P. balfourtana in eastern Sikang and ad- 
jacent Tsinghai; P. likiangensis in the 
mountains in the bend of the Yangtze 
River in northern Yunnan; P. Itkiangensis 
and P. montigena in the most southern 
locality in Sikang. Members of the complex 
are allopatric with P. wilsonu, P. purpurea, 
P. asperata, and P. brachytyla, but are com- 
monly sympatric with members of the 
P. asperata complex and are rarely sym- 
patric with members of the P. brachytyla 


complex. 

The distribution patterns indicate that 
P. balfouriana and P. likiangensis are either 
well-defined geographic varieties or closely 
related species, but that the other “species” 
are products of recent introgression with 
the P. asperata complex. 


P. WILSONII Masters 


This species is a widespread but relatively 
uncommon member of low-altitude (1,600 
to 3,200 m.) near-climax mixed forests. 
In parts of Shansi, Shensi, and Hupeh it is 
the only spruce present. In southern Kansu 
and northern Szechuan it is sympatric with 
P. asperata and P. purpurea and often also 
with P. complanata of the P. brachytyla 
complex. In most of its range it is becom- 
ing rarer (Teng, 1947a; Melville, 1950). 

Several names applicable to genetically 
similar material have been used for this 
species but the confusion has now been 
cleared up satisfactorily (Melville, 1950). 
The species seems to be a relatively stable 
one that is little affected by introgression. 

P. PURPUREA Masters 

This species is localized in northern 
Szechuan and Kansu, occurring sympatric- 
ally with P. asperata, P. wilsona, and occas- 
sionally with P. brachytyla complex, form- 
ing extensive high-altitude forests. It is 
generally a member of the near-climax 
forest, and is losing ground to P. asperata 
following overcutting (Teng, 1947a). It 
has been maintained as a separate species 
by both taxonomists and foresters. Cheng 
(m Hu, 1934), Cheng (1939), and 
Rehder (1940) regard it as most closely 
related to the P. liktangensis complex, but it 
is morphologically most similar to P. brac- 
hytyla and P. wilsonu. Presumably it does 
not cross with the species with which it 
occurs sympatrically. 

P. BRACHYTYLA COMPLEX 

This complex includes P. ascendens 
Patschke (=P. brachytyla forma rhom- 
bisquamea Stapf. ), P. brachytyla (Franch. ) 
Pritz., P. complanata Masters (=P. brac- 
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hytyla var. complanata (Masters) Cheng, 
P. pachyclada Patschke, and P. sargentiana 
Rehder and Wilson. 

Rehder and Wilson (1914), Cheng 
(1939), and Bulard (1947) maintained 
all save P. pachyclada as separate related 
species; Cheng (im Hu, 1934) considered 
them all as part of P. brachytyla; Rehder 
(1940) recognized P. complanata and P. 
ascendens as a variety and forma respective- 
ly of P. brachytyla, considering the other 
two as synonymous with P. brachytyla. In 
forestry writing Ku and Cheo (1941) 
recognized only P. brachytyla, and Teng 
(1947b, 1947c, 1948) recognized only 
P. brachytyla and P. complanata. Mem- 
bers of the complex inhabit low-altitude 
(1,600 to 2,500 m.) near-climax mixed 
forests, and were formerly more abundant 
than now. 

P. brachytyla is geographically separated 
from the rest of the complex. It occurs 
east of 108° E. in the Ta Pa Shan of the 
Shensi-Szechuan border and the mountains 
of northwestern Hupeh. There it is the 
only spruce or occurs sympatrically with 
P. wilsonu. The other members of the 
complex occur in southern Kansu, western 
Szechuan, and eastern Sikang, where they 
frequently occur in the same localities with 
each other. According to Bulard (1947) 
their ranges are nearly identical. They most 
frequently occur in the same locality with 
P. asperata and P. purpurea and more rare- 
ly occur with P. wilsont and members of 
the P. likiangensis complex. 


P. SPINULOSA (Griff.) HENRY 


Elwes and Henry (1912) report this 
species from only two localities in Sikkim 
and Bhutan of the eastern Himalayas and 
comment that it is rare when found. Allow- 
ing for the fact that this region is little 
explored and that further stations may 
turn up, we can regard this as one of the 
southern endemics of extremely limited 
range. It apparently reaches the largest size 
of any spruce species, as the largest speci- 
men found measured 220 feet to where a 
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sizable portion of the crown was broken 
off. The morphological and distributional 
evidence indicate that its closest relation- 
ships are with the southwestern Chinese 
and Formosan species. 


P. OBOVATA Ledeb.— 
SIBERIAN SPRUCE 

Siberian spruce is a wide-ranging species, 
growing from northern Scandinavia, Fin- 
land, and European Russia across Siberia 
to the Sea of Okhotsk. On the west there 
is a broad zone of hybridization with Nor- 
way spruce, and it is impossible to draw an 
exact boundary line between the two. On 
the east it probably overlaps the range of 
P. jezoensis near the coast of the Sea of 
Okhotsk. Near the Altai Mountains it 
seems isolated from P. schrenkiana (Ko- 
marov, 1934) to the south, although on 
Lindquist’s (1948) range map the two 
species are shown with overlapping ranges. 
In the older literature (Komarov, 1902; 
Elwes and Henry, 1912) there are refer- 
ences to Siberian spruce in Manchuria. 
Now, however, (Komarov, 1934; Rehder, 
1940) this Manchurian population is re- 
ferred to P. koyamai (=P. koraiensis). 
Komarov (1934) considered that south of 
the Amur River Siberian spruce was forced 
out (replaced geographically? ) by P. koy- 
amai. P. manchurica Nakai (1943) of 
northern Manchuria is regarded by its 
author as a close relative of P. obovata, and 
is probably referable. to that species or to 
P. koyamai. 

In addition to its main area of distribution 
there is an isolated outpost of P. obovata 
var. alpestris (Bruegger) Henry among the 
Norway spruce forests of the Swiss Alps 

Siberian spruce is regarded by Lindquist 
(1948) and other taxonomists as a geo- 
graphic variety of Norway spruce, although 
many other equally competent taxonomists 
regard it as a separate species. In most 
north European forestry literature spruce 
populations falling within the range of P. 
obovata and probably belonging to that 
species are referred to simply as gran, 


Fichte, or spruce, with the inference that 
Norway spruce is meant. 

The crossing data and the extensive 
Siberian distribution of Siberian spruce in- 
dicate that Siberian spruce is the inter- 
mediate between Norway spruce and the 
north Chinese spruces. On the other hand, 
the morphological data and the Ural range 
of Siberian spruce indicate that it is the 
intermediate between Norway spruce and 
Fr. orientalis. 


P. SCHRENKIANA Fisch and Meyer 


This species is confined to the Ala Tau 
and Thian Shan mountains of Turkestan 
in central Asia. It is relatively little known 


to western botantists. Apparently it has 
range connections with no other species. 
Geographically and morphologically it is 
most closely related to P. spimulosa of the 
eastern Himalayas and next most closely 
related to Siberian spruce. 

P. tianshanica Rupr. was originally ap- 
plied to the material from the Thian Shan 
in Chinese Turkestan and was maintained 
as a separate closely allied species by Cheng 
(mm Hu, 1934). 
sidered synonymous by Elwes and Henry 
(1912) and Rehder (1940). P. crasst- 
folia Komarov was described from near 
Lake Koko Nor in Tsinghai. Although 


considered by its author close to P. shren- 


The two species are con- 








sory 








° 
< 


FIGURE 4. Distribution of species of Picea in Eurasia. 
3, and 5 are omitted here. The blackened areas show 





Species mapsed in more detail in Figs. 2 


“» 


the extent of actual spruce forests within the 


listribution limits of the species. The forests of P. obovata are very extensive but are probably not 
ontinuous over the entire distribution area of the species. 
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kiana, it is more likely P. asperata, since 
Chinese authors mention only that species 
in that area. 


P. SMITHIANA Boiss.— 
HIMALAYAN SPRUCE 


This species is widespread and common 
in the western Himalayas, where it is an 
important timber tree. It is sympatric with 
no other species. Morphologically it is one 
of the most distinct species and its closest 
relationships are to P. spinulosa of the east- 
ern Himalayas. 


P. ABIES (L.) Karst.— 
NORWAY SPRUCE 


Norway spruce is a wide-ranging species, 
growing from Yugoslavia to northern Scan- 


SS ABIES OR OBOVATA 


= The spruce of easte 


@ OMORIKA 


dinavia and from the Pyrenees” to Russia. 
In Yugoslavia it occurs mixed with P. 
omortka, but apparently the species do not 
cross. In northern Scandinavia (Lindquist, 
1948) and the Upper Volga basin of Russia 
(Bobrov, 1944) there is a broad zone of 
hybridization between Norway and Siberian 
spruce. All recent taxonomic treatments 
agree that the spruce of northern Scandi- 
navia and eastern Europe is P. obovata 
(Rehder, 1940; Elwes and Henry, 1912; 
and others) or P. abies var. obovata (Lind- 
quist, 1948, and others). However, most 


°F. J. Schreiner states in a personal com- 
munication that Spanish foresters now regard 
the Norway spruce in the Pyrenees as planted. 


tn Europe is FP odovota 
There is a very brood zone of hybridization 





with P. obdies in northern 
Scandinavia ond western Russic 


—— 


== HYBRIDS 
—— == 





WiKi! ORIENTALIS 


FIGURE 5. Distribution of species of Picea in Europe. The limits of the spruce forest are drawn 
accurately, but no attempt is made to draw the exact boundary between P. abies and P. obovata. 
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forestry references speak only of P. abies 
even when covering the area occupied by 
P. obovata, Evidently there are no greater 
growth differences between than within 
species. There is a great deal of racial vari- 
ability within P. abies (Heikinheimo, 1949). 
Some of this is due to introgression between 
previously isolated populations as well as 
to the ordinary process of geographic dif- 
ferentiation. 

The present Norway spruce range 
(Erdtman, 1933) has greatly expanded 
since the Pleistocene; it is still expanding. 
There were three major glacial refuges 
from which it spread; the eastern Car- 
pathians of Rumania, the southeastern Alps, 
and central Russia (P. obovata) (Lind- 
quist, 1948; Traunmiiller, 1952). Evi- 
dences of its recent expansion are found in 
Finland, where there has been a noticeable 
expansion since the 13th century (Sauramo, 
1942). in northeastern Switzerland, where 
it became much more common following 
overcutting of the original forest during 
the French Revolution, (Surber, 1950); 
and in southwest Norway, to which it has 
migrated in the last 1,000 years (Faeeri, 
1950). 


P. ORIENTALIS (L.) Link.— 
ORIENTAL SPRUCE 
Oriental spruce is endemic to the Cau- 
casus Mountains of southern Russia and to 
the Turkish highlands farther south, where 
it is the only spruce species (Radde, 1899). 
It is a very important forest tree, having 
the largest altitudinal range (2,200 to 
7,000 feet) and size (184 feet tall) of any 
of the conifers of the region. It commonly 
grows mixed with fir and beech. 


P. OMORIKA (Pancic) Purkyne.— 
SERBIAN SPRUCE 

The Serbian spruce is now endemic in a 
limited area (about 15 X 20 miles) in the 
Drina basin of southwestern Yugoslavia. 
Its range is entirely within that of P. abies, 
with which is frequently grows on sepentine 
soils at elevations of 2,600 to 5,000 feet 


(Fukarek, 1950). Fossils assignable to this 
species or to a close relative have been found 
in Saxony (older Quaternary), northern 
Prussia (Tertiary), and Czechoslovakia 
(Pleistocene) ( Adamovic, 1909; Dyakow- 
ska, 1952). In recent historical times its 
stands have been decimated by fire, drought, 
and bark-beetles (Fukarek, 1950). Accord- 
ing to Plavsic (1938) it is now saved from 
extinction only by growing on exposed sites 
where its narrow crown and slender trunk 
make it more resistant to wind than other 


trees. 


Morphology of the Species 


‘Table 3 was compiled from the following 
sources: Bulard (1946, 1947) Cheng 
(1939), Elwes and Henry (1906, 1912), 
Gaussen and Lacassagne (1930), Iwata 
and Kusaka (1952), Kanehira (1936), 
Lacassagne (1934), Martinez (1953), 
Melville (1950), Miyabe and Kudo 
(1932), Nakai (1919, 1941, 1943), 
Rehder (1940), Rehder and Wilson 
(1914), Sargent (1898, 1922), and Wil- 
son (1916). Whenever possible, gaps in the 
tabie were filled; and differences between 
authors were reconciled by reference to 
actual plant material. This was particularly 
necessary for such characters as needle 
sharpness and curvature and color of va- 
rious organs. Bark and anatomical char- 
acters are omitted because data on them 
are scanty. 

The symbols shown in the columns of 
Table 3 are abbreviations for the character- 
istics listed at the top of the columns. For 
example, the first column characterizes buds 
as Conic, Ovoid, or Subglobose. These are 
abbreviated as C, O, and S in the column. 

However, a separate key is used for 
colors (except for leaves, which are shown 
simply as G for green and B for blue). 
The colors of buds, branchlets, and mature 
cones are given in terms of the nearest 
equivalent in Maerz and Paul (1930). 
The colors, ranging from light down to 
dark, are as follows. 
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Bud Branchlets 


Gray 


Lightstone (light pink-brown) 


Mature cones 


_....Olive Sheen (light yellow-brown) 
...Silver fern (light tan) 


Old Gold (tan) 
Tanbark algerian (tan with tinge of purple) 


Khaki 
Clay Clay Maple sugar (light brown) 
Olive wood Oak (dark brown) 
Hazel Hazel Russet brown (dark brown) 


Burnt umber 


Raw umber 
Darker than raw umber 


The colors of immature cones, female 
flowers, male flowers, and seeds are given 
simply as Red, Purple, Yellow, Green, 
Tan, Brown, Dark brown, and Black. All 
these colors are abbreviated by their capitals 
as shown. For example, OS is Olive Sheen, 
BI is Black, and so on. 

A separate key is also used for character- 
istics that involve measurements, such as 
length or organ, number of rows of stomata 
on leaves, and diameter of branchlets. This 
key is given below. 

In all cases, I stands for Intermediate, 
and a dash (——) means that the character 
is not expressed. Blank spaces mean no data 
were available. Underlined symbols indi- 
cate that these characteristics are of the 
greatest diagnostic value. 

For nearly all species the characteriza- 
tion is more complete than is given in any 


Beaver (dark purple-brown) 


single manual or indeed in the original de- 
scription. The table can be used in place 
of a key in identification work. For that 
purpose characters of the greatest diagnostic 
value have been underscored. It should be 
pointed out that the characterization given 
applies to the average for the species and 
that many individual characters are variable 
within species. It is not at all unusual to 
find specimens of undoubted authenticity 
departing from the average condition in at 
least two or three characters. 

Table 4 was compiled by assigning each 
character in Table 3 a weight of 0, 1, 2, or 
3 units, and then counting the number of 
units by which each species differs from 
each other species. For the 32 weighted 
characters studied, it would have been pos- 
sible to obtain a total difference of 53 units. 
Each character was weighted according to 


Key Rows of stomata Branchlet 
Buds Leaves Above Below diameter 
mm. mm. No. No. mm. 
Very short 6-12 2-4 2-4 1-2 
Short 3-5 10-18 4-6 4-6 2 
Intermediate 5-7 15-25 6-8 6-8 3 
Long 7-9 20-28 8—10 8—10 4 
Extremely long 8—10 25-35 10-12 10-12 5 
Key Sterigmata Cone Flowers Flowers Seed Seed wing 
mm, cm. mm. mm, mm. mm. 
V 2-4 10-20 10-15 2-3.5 7-9 
S 0.8 4—6 20-30 15-20 3.5—4.5 10-12 
l 0.8—1.2 6-8 30—40 20-25 4.5-5.5 13-16 
L 1.2+ 8-10 40-50 25-30 5.56.5 17-20 
E 10-16 30-40 6.5-8.0 20-24 
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TABLE 4. 


other. (Compiled from Table 3. 











sitchensis 


breweriana 



















3 
s = a 
22 25 19 Ss Be 8 
sitchensis 22 23 mm lh 16 2 2&3 fy 
breweriana 23 26 23 23 %& 17 23 = 8&8 i 
jJezoensis 26 28 26 lh 22 29 ls =x % 
glehnii 25 21 20 23 27 27 20 26 2 3 
bicolor 23 26 2% 26 2 23 25 2 WO 23 
maximowicaii 17 18 19 2 & 15 19 22 23 19 
polita 22 26 26 22 2 12 25 26 2 26 22 
morrisonicola 16 19 16 16 22 18 18 23 18 15 (119 
Royamai 19 23 15 19 2 & 22 2 % 17 25 2 
asperata awisw2zawdwiw2Hyiwa ig 
retroflexa 2% 225 219 017 2 mwmmwdaa 
likiangensis 25 28 25 21 27 27 2 2 17 217? 2 
bal fouriana 23 25 2 21 23 & 22 OD WwW 2 16 19 
montigena 23 26 22 19 18 2 2 wm wR 2B WwW 2 
wilsonii 19 2. 20 15 25 18 19 23 18 & 2 19 
purpurea 22 20 18 © 2 29 2D 2% W 17 2 19 
brachytyla 18 25 20 19 23 15 19 10 15 2 20 19 
complanata 2 27 23 19 23417 2 15 16 19 17 17 
spinulosa 18 21 19 18 16 2 lh 18 19 22 23 a 
obovate 15 23 19 22 26 2. & 18 25 22 21 19 
schrenkiana 2 &% 2 25 2 2 2 22 29 «27 HR 23 
smithiana 23 30 26 2% 29 % @B 1 
abies 17 2 19 18 16 20 mw 
orientalis 23 22 16 22 25 19 25 
omorika 2 171319 & Bw mw 








the ease and accuracy with which different 
degrees of the character could be recog- 


nized. For example, cone length was given 
a weight of 3 and acuteness of terminal 
bud a weight of 1 because it is possible to 
recognize differences in cone length much 
more easily than it is to recognize degrees 
of terminal-bud acuteness. A weight of (0) 
was given characters for which data were 
lacking for several species. For the little 
known species P. morrisonicola, P. schren- 
kiana, P. spinulosa, and P. chihuahuana it 
was necessary to extrapolate to account for 
some missing character descriptions. 
In the computation of Table 4 the char- 
acters were given the following weights: 
Weight of O: Characters 20—24, 34, 38- 
46, 48-51. 
Weight of 1: Characters 2, 7, 10, 14~17, 
26—28, 32—33, 37, 47. 


Weight of 2: Characters 1, 3-6, 8—9, 12- 
13, 18, 25, 29-31. 
Weight of 3: Characters 11, 19, 35-36. 


Figure 6 was drawn by arranging the 
species in their approximate geographic posi- 
tions and connecting them with lines of 







morrisonicola 


Number of characters by which spruce species differ from one an- 
Maximum possible difference is 53.) 
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varying thickness according to the number 
of differences indicated in Table 4. Species 
differing by 18 or more units are left un- 
connected. ‘This diagram only approximates 
a phylogenetic chart because parallel evolu- 
tion or chance may be responsible for some 
of the relationships. 
Nevertheless, the fact that most lines con- 
nect neighboring species between which 
there are probable migration routes indicates 


seemingly strong 


that degree of morphological similarity does 
have great phylogenetic significance. In a 
later section the morphological, genetic, 
and distribution data are combined to give 
probable phylogenetic trends. 


Evolution and Phylogeny of Spruce 
The 
phology, and species crossability is shown 
in Table 5. Of 70 attempted crosses, 16 
were apparently successful, 12 were doubt- 
fully successful or successful cnly a portion 


relation between distribution, mor- 


of the time, and 42 were unsuccessful. Of 
the 16 apparently successful crosses, 14 in- 
volved species that were morphologically 
similar or had neighboring ranges or both. 
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TABLE 5. Relationships between species crossability, geographic distribution, 
and comparative morphology.’ 


Successful crosses Unsuccessful crosses 


MORPHOLOGICALLY SIMILAR SPECIES WITH GREATLY OVERLAPPING RANGES 


mariana A ruoens 


MORPHOLOGICALLY SIMILAR SPECIES WITH SLIGHTLY OVERLAPPING OR 
NEIGHBORING RANGES 

engelmannti X glauca, sitchensis obovata X orientalts 
asperata X montigena, retroflexa 


retroflexa X montigena, balfouriana, koyamai 
abies X obovata 


MORPHOLOGICALLY SIMILAR SPECIES WITH WIDELY SEPARATED RANGES THAT 
ARE CONNECTED BY AN INTERMEDIATE SPECIES 
montigena X koyamat, abies abies X retroflexa 


\ 


abies X asperata, koyamai xX pungens 


sitchensis 


MORPHOLOGICALLY DISTINCT SPECIES WITH GREATLY OVERLAPPING RANGES 
jezoensis X glehnii* abies X omorika 


mariana X glauca” glauca X rubens 


MORPHOLOGICALLY DISTINCT SPECIES WITH NEIGHBORING RANGES 


orientalis X omorika,* abtes 






mariana X jexoensis~ 
asperata X obovata 


MORPHOLOGICALLY DISTINCT SPECIES WITH NEIGHBORING RANGES AND A 
COMMON ANCESTOR 
glauca X jezoensis, sitchensts 


MORPHOLOGICALLY DISTINCT SPECIES WITH WIDELY SEPARATED RANGES 
omorika X koyamai, sitchensis" glauca X swilsonii, maximowiczit balfouriana, 
glauca X asperata, koyamai retroflexa, montigena, abies, omorika, orien- 
abtes X mariana, rubens, siltchensis talis 

mariana X maximowiczii, balfouriana, retro- 
flexa, montigena, asperata, obovata 
engelmannii X abies, maximowiczii, retroflexa, 
montigena, asperata, omorika, orientalis 
sitchensis X asperata 
jezoensis X orientalis, montigena, retroflexa 
maximowiczit X abies, asperata, montigena 
orientalis X asperata, montigena, pungens 
omorika X asperata, montigena, obovata, <il- 
sonti, balfouriana, breweriana 
1Morphologically distinct species are those not connected by lines in Figure 6. Only the crosses that have been 
tried (see Table 2) are listed. Direction of cross not shown by order of listing. 


“These crosses were doubtfully successful in only a part of the tree X tree combinations, or the hybrids are rare 
in nature. 
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Of the 42 failures, 37 involved morpholog- 
ically distinct species with widely separated 
ranges. 

In the two following sections the mor- 
phology, distribution, and genetic data are 
brought together to form a coherent picture 
of the evolution and phylogeny of the genus 
as a whole. The first section contains postu- 
lates on the pattern that evolution has fol- 
lowed in spruce. The second section is a 
summary of phylogenetic trends. The con- 
clusions are strongest where all three lines 
of evidence agree. No conclusions are pos- 
sible where all three lines of evidence dis- 
agree or where data from only one line of 
evidence are available. 

It would be desirable to include the fossil 
history of the genus as a fourth line of evi- 
dence. However, the fossil history (La 
Motte, 1952) is fragmentary. Most of the 
Pleistocene and Recent fossils were found 
near or within the ranges of the living spe- 
cies to which they are referable. There are 
too few good fossils from earlier periods 
to help much in completing the phylogeny. 
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Spruce Evolution Patterns 

Following are listed a series of postulates 
(in italics) and supporting proof on the 
patterns of evolution in the spruces. 

1. Picea had a monophyletic origin. 

There are no sharp breaks within the 
genus that indicate a polyphyletic origin. 
Even the most distantly related spruce 
species seem much more similar to each 
other than any one of them is to a species of 
another genus. For example Picea and 
Tsuga are considered closely related ge- 
nera, Yet there is no overlapping between 
these genera in a great many characters, 
including the following: number of resin 
canals per needle, shape of needle tip, num- 
ber of scales per cone, number of anthers 
per male flower, position of the stomata, 
pollen grain wings, and variation in needle 
length. 

2. The baste Spruce type has heen 
changed relatively little in becoming differ- 
entiated into the present array of species. 
In genetic terms, mutations have occurred 
at many loct, but relatively few allelomor- 
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FIGURE 6. Taxonomic relationships between species of Picea. Except for P. obovata and P. mor- 
risonicola, which grow in Siberia and Formosa respectively, the species are arranged according to 
their approximate relative geographic positions. The heavy, light, and dotted lines indicate respec- 
tively less than 13, 14-15, and 16-17 differences between the species. As noted in the text, this 


chart only approximates a phylogenetic chart. 
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phic genes have been produced at any one 
locus. Moreover, the interactions between 
genes have been weak and no trends in- 
volving many genes have become estab- 
lished. 

Although there are many variable char- 
acters in spruce, the range of variation in 
any one character is small, and each char- 
acter may be associated with almost any 
combination of other characters. ‘Taxonom- 
ically the genus is more nearly comparable 
to a single series in pine, maple, or ash 
than to any one of these complete genera. 
The author has found it as difficult to iden- 
tify species of spruce as to identify ecotypes 
of white ash. 

The genus is also more uniform in wood 
anatomy, growth, and ecology than these 
other large genera. Although a few of the 
species have distinctive woods, most of 
them are so similar in wood properties that 
they are not separated in harvesting and 
marketing. All the species have medium- 
wide to narrow, pointed crowns, and (ex- 
cept for P. sttchensis) all are found at 
either high latitudes or high altitudes. Most 
of the species occupy mesophytic sites; black 
and Yeddo spruce also occupy swamps. In 
order to maintain approximately the same 
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temperature and moisture condition for the 
seedlings there has been some differentia- 
tion with regard to position in succession ; 
the high altitude southern species are in 
general more tolerant than the northern 
species. 

We can often trace the migration route 
of a single character through two or three 
adjacent species, but almost always this 
same character crops up again in a distant 
species against a different genetic back- 
ground. There are so many cases of this 
parallel evolution as to indicate that most 
of these characters are controlled by rela- 
tively few genes. 

The excellent crossability between ad ja- 
cent species or between species connected 
by intermediates also indicates that the 
total amount of genetic differentiation has 
been slight. So far P. maximowiczit is the 
only species used to any extent that has not 
been crossed with at least one other species. 

Just why the spruces should have differ- 
entiated so little is still a matter for con- 
jecture. Presumably selection pressure op- 
erates on spruce as on other genera. It 
would require extremely low mutation 
rates (probably not more than 1/100 of 
those found in other genera) to explain the 
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FIGURE 7. Successful (solid line), moderately successful (dashed line), and unsuccessful (dotted 


line ) Spec tes crosses in the genus Picea. 


The species are arranged as in Figure 6. Relative success of 


all crosses determined from comparative seed sets. Most of the successful crosses involve species with 


similar morphology or neighboring ranges. 
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lack of variability. Perhaps there is some- 
thing inherent in the spruce germ plasm that 
resists change. Kiellander’s (1950) find- 
ing that polyploidy results in dwarfness 
(lethal in nature) supports this view. 

3. The genus originated in northeast 
Asta, whence it spread by migration across 
boreal routes and southward along moun- 
tain chains. 

Li (1953) believes that nearly all conif- 
erous genera arose around the edge of the 
Pacific Basin because all are represented 
there whether or not they are represented 
around the Atlantic Basin. This indicates 
either eastern Asia or western America as 
the probable center of origin for spruce. 
Of these two regions, eastern Asia seems 
the logical choice because it contains the 
largest assortment of species and also con- 
tains P. koyamai, a likely choice for the 
most primitive species. 

The Japanese island of Honshu contains 
five species that are so distinct that they 
could hardly have become differentiated 
within the area of Japan. ‘They are best 
regarded as migrants from other places of 
origin. For this reason the mainland of 
Asia is the most likely center of origin for 
the genus. 

At the present time there is actual con- 
tinuity of the spruce forest over most parts 
of boreal America and Eurasia. While the 
Alaska-Kamtchatka range gap is large, it 
has evidently been open to spruce migration 
in relatively recent times (see P. jezoensis ) 
and is still open to arctic plants. We need 
postulate relatively minor fluctuations in 
climate to explain southward migration 
along known mountain migration routes 
for nearly all modern southern species. On 
the other hand, we should need to postulate 
great climatic changes as well as nonexist- 
ent mountain chains and land bridges to 
explain east-west migration along purely 
southern routes. 

4. The southern species, in comparison 
with the northern species, have smaller 
ranges, many of which are decreasing at 
the present ttme. Genetic uniformity and 


specialization for survival in southern habi- 
tats, but with less capability for evolution- 
ary change than the associated competing 
angiosperms, have contributed to the range 
diminution. 

In this discussion southern and northern 
species are defined according to relative 
geographic positions on their respective 
north-south migration routes rather than 
on absolute latitudinal ranges or absolute 
temperature requirements. 

In every region, the more southern spe- 
cies have the following characteristics that 
distinguish them from their northern 
neighbors: 

Greater taxonomic uniformity. In each 
of the most northern species (P. glauca, P. 
mariana, P. engelmannu, P. sitchensis, P. 
jezoensis, P. koyamat, P. asperata, P. obo- 
vata, and P, abies) there are recognized 
geographic races, taxonomic varieties, or 
taxonomic mixups indicating genetic diver- 
sity. In contrast, almost all the name 
changes that have occurred in the southern 
species have involved questions of priority 
or genus limits (many species were de- 
scribed originally as pines). 

More isolation. Six southern species (P. 
orientalis, P. smithiana, P. spinulosa, P. 
morrisonicola, P. breweriana, and P. chi- 
huahuana) are isolated from any other 
spruce species by 1,000 miles or more. Sev- 
eral others are in geographic contact only 
with species with which they probably do 
not cross. In contrast, each of the north- 
ern species mentioned in the preceding 
paragraph is now or could have been in 
recent geographic and genetic contact with 
one, two, or three other species. 

Larger maximum size, good growth 
vigor, and relative freedom from pests. In 
their native habitats nearly all the southern 
species grow to greater maximum sizes than 
do their nearest boreal neighbors (see Ta- 
ble 3). Only in western America is this 
relationship reversed (P. sitchensis grows 
taller than does P. breweriana). Available 
literature accounts mention no serious pests 
of the mature trees that could explain the 
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smallness of the ranges. There are few 


data on seeding habits of the species in 
their native habitats; in Philadelphia three 
southern species (P. rubens, P. orientalis, 
P. omorika) seeded well after adequate 
pollination. 

Greater tolerance and tendency to grow 
in remote mountain areas. In moving south 
the southern species have moved to higher 
altitudes and taken advantage of the shel- 
ter offered by other plants in order that 
they could live in approximately the same 
temperature and moisture regime as their 
northern neighbors. Such northern species 
as P. galuca, P. engelmannu, P. asperata, 
P. obovata, and P. abies characteristically 
occur in pioneer communities composed of 
relatively few species. Such southern spe- 
cies as P. rubens, P. breweriana, P. wilsonu, 
P. purpurea, P. orientalis, and P. omorika 
characteristically occur in communities that 
are nearer the climax and are composed of 
a larger number of species. Several south- 
ern species (P. pungens, P. chihuahuana, 
P. breweriana, P. morrtsonicola, . maxi- 
mowiczit, P. wilson, P. spinulosa, and P. 
omorika) are little exploited because of 
their remoteness from civilization. 

Smaller ranges, which may be shrinking 
at the present time. Seven southern species 
(P. omorika, P. spinulosa, P. maximowiczn, 
P. bicolor, P. morrisonicola, and P. chihua- 
huana) have ranges of only a few square 
miles each. In western China P. purpurea 
and P. wilson are losing ground whereas 
the more northern P. asperata is increasing 
its range (Teng, 1947a); in eastern Amer- 
ica P. rubens is losing ground whereas P. 
glauca is increasing its range (Westveld) .6 
in Yugoslavia the proportion of P. omorika 
in mixed P. omorika-P. abies stands is de- 
creasing (Plavsic, 1938). P. breweriana 
(Elwes and Henry, 1906) and P. rubens 
are difficult to raise from seed in nurseries. 
Of the five species that have been used to 
any extent in forest plantings outside their 
native ranges (P. glauca, P. sitchensis, P. 


6Personal communication. 
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abies, P. koyamat, and P. omorika) only 
P. omorika is a southern species. These 
facts indicate that the shrinking ranges are 
at least partly due to inherent characteris- 
tics of the species. 

Genetic uniformity is probably one of 
the reasons for the lack of success of the 
southern species. Isolation and small popu- 
lation size are probably the most important 
reasons for this genetic uniformity. In seven 
southern species the total population size is 
small enough to lead to uniformity through 
inbreeding. In others the total population is 
relatively large but is broken up into small 
subpopulations. If these small subpopula- 
tions could occasionally coalesce, this situa- 
tion would lead to increased variability. 
However, in such a species as red spruce 
many of the stands situated near mountain- 
tops would be exterminated and a great 
part of the total species variability would be 
destroyed during a warm period. 

The spruces (or for that matter all gym- 
nosperms) seem to have had slower evolu- 
tionary rates of change than angiosperms. 
Hence, specialization for reproduction in a 
southern near-climax habitat composed 
largely of angiosperms would have put the 
southern spruces at an evolutionary disad- 
vantage. | 

5. The isolating mechanism involved in 
speciation has usually been geographic 
rather than imternal. Only after species 
have been separated for considerable pe- 
riods is there enough genic differentiation 
to prevent crossing. The removal of geo- 
graphic barriers has often resulted in the 
production of hybrids, and imtrogression 
may have played a significant role in the 
evolution of many of the species. 

There are three different types of isolat- 
ing factors that have been resnonsible for 
speciation in the spruces: geographic isola- 
tion, differences in flowering time, and 
other internal genetic factors. 

The fact that most morphologically 
similar species with allopatric but neighbor- 
ing ranges cross with each other indicates 
that geographic isolation has been the pri- 





mary factor in most cases, and that internal 
factors did not become operative until the 
species had been geographically isolated for 
long periods of time. At least in the Phila- 
delphia area, all trees of the same species 
have similar enough flowering times that 
they can cross with each other. ‘This being 
so, it is reasonable to assume that the dif- 
ferences in flowering time between different 
species arose as a consequence of the geo- 
graphic isolation and were not in themselves 
the primary isolating factor. 

In most regions where two or more spe- 
cies are sympatric over large areas, the 
species are morphologically dissimilar to 
each other and probably originated else- 
where than in their present ranges. This 
is especially true of the Japanese species. 
Each of these is more closely related mor- 
phologically to a species of the Asiatic main- 
land than to another Japanese species. 
These facts make it unreasonable to assume 
that these Japanese species all originated on 
Japan because of internal isolating factors. 

In eastern Europe (Bobrov, 1944), 
Alaska and southern British Columbia 
(Little, 1953a), Denmark (Thaarup, 
1945), northern New England (Heim- 
burger, 1939), and probably in western 
China, natural hybridization is common. 
In the cases of Siberian X Norway and of 
white X Engelmann spruces this hybridiza- 
tion appears to have led to introgression. 


Phylogenies of Species Groups 

The present phylogenetic scheme, based 
on a consideration of distributional and ge- 
netic data as well as on 32 morphological 
characters, does not attempt to place in 
their proper positions several incompletely 
known species, and recognizes no section 
lines. In these respects it differs from the 
schemes used by Lacassagne (1934) and 
Rehder (1940). 

There is no natural break in the genus 
sufficient to warrant the erection of section 
lines (Fig. 6 and Fig. 7). 

There are sufficient data to allow us to 
sketch probable phylogenies for several 
groups of species if not for the genus as a 


whole. The principal groups are sum- 
marized below. 

P. rubens-mariana group of eastern 
America. Distributional and morphological 
evidence indicates a close relationship be- 
tween these species. They are probably 
remnants of a more ancient migration than 
that which gave rise to the species of north- 
west America. 

Northwest America group (P. glauca, 
P. engelmanna, P. pungens, P. sitchensis). 
Morphological, distributional, and genetic 
data indicate a common, relatively recent 
origin for all these species; they are prob- 
ably related to the Old World species 
through P. jezoensis of Japan. P. brewer- 
tana and P, chihuahuana are morphologi- 
cally most similar to some of the south 
Asiatic species. They are almost certainly 
of different stock than the other species of 
northwest America. 

Japanese species. The morpholocial evi- 
dence indicates that the six Japanese spe- 
cies have six different origins. This view 
is borne out by the fact that they live sym- 
patrically without apparent crossing, and 
have probably done so for thousands of 
years. P. koyamat has already been men- 
tioned as possibly being the oldest type in 
the genus, and is almost certainly closely 
related to the spruces of north China and to 
Norway spruce. P. jezoensis finds its closest 
mainland relatives in the P. brachytyla com- 
plex and is the probable intermediate to 
the species of northwest America. Each 
of the other species is most similar to dif- 
ferent south Chinese species. 

Southwestern Chinese and Formosan 
species (P. brachytyla, P. purpurea, P. 
wilson, P. morrisonicola). The morpho- 
logical and distrbutional evidence indicates 
a common origin for all four species. How- 
ever, the fact that the three Chinese species 
can live sympatrically and remain distinct 
indicates that this common origin is rela- 
tively ancient. 

Himalayan species. The morphological 
and distributional evidence indicates that 
P. spinulosa was probably derived from 
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south Chinese stock, and that it in turn 
gave rise to the western Himalayan P. 
smithiana. 

North Eurasian and north Chinese spe- 
cies. Morphological and crossing data in- 
dicate that P. abies, P. koyamai, the P. as- 
perata complex and the P. likiangensis 
complex form a closely related group with 
a relatively recent common origin. Mor- 
phologically P. obovata does not fit into this 
group and does not seem to be the parent 
of Norway spruce as the distribution and 
crossing data indicate. 

P. orientalis. Distributional, morphologi- 
cal, and crossing evidence agree in showing 
that this species is related to Norway, 
Serbian, and Siberian spruces. However, 
its exact relationship to these three species 
is not clear. 


Summary 

The results of 6 years’ artificial-pollination 
experiments in the spruces are presented. 
Including the results of other workers, 70 
different interspecific combinations (not 
including reciprocals) have been attempted. 
Most of the unsuccessful crosses were re- 
peated two or three times; the successful 
crosses were usually repeated more. Of the 
70) different combinations attempted, 16 
were judged successful on the basis of con- 
sistently high sets of filled seeds, 12 were 
doubtfully successful or were successful in 
only a small portion of the time, and 42 
were unsuccessful. Of the 16 apparently 
successful crosses, 14 involved species that 
similar or had 
Of the 42 


failures, 37 involved morphologically dis- 


were morphologically 
neighboring ranges or both. 


tinct species with widely separated ranges. 

No growth data are included in this pa- 
per, but mention is made of those hybrids 
whose hybridity has been authenticated in 
nursery or plantation tests. 

Detailed range maps of all recognized 
species are given. As far as the scales of the 
maps permit they are accurate except for 
the species found in Siberia and central 
and southern Asia. The comparative mor- 


346 / Forest Science 


phology of all species is given in tabular 
form. From those data the taxonomic re- 
lationships between species were deducted 
by computing the number of characters by 
which every species differs from every other 
species. This method indicates that pre- 
viously recognized sections are artificial. 

The distributional, genetic, and mor- 
phological data are all used to formulate 
hypotheses on the evolution of the genus. 
All three lines of evidence agree in indi- 
cating that four species of northwestern 
America are closely related to each other 
and to a Japanese species; that red and 
black spruce of eastern America are closely 
related; that Norway spruce and certain 
species of Manchuria and North China are 
closely related; that some of the south Chi- 
nese species are closely related; and that 
the Japanese species are not closely related 
to each other although each is closely re- 
lated to certain Chinese species. In other 
cases where the three lines of evidence dis- 
agree, phylogenetic trends are less clear. 

Several facts indicate that the genus had 
its origin in northeast Asia, whence it radi- 
ated in more than one wave of migration. 
Crossability barriers seem to have arisen 
mainly from genic differentiation following 
sufficient geographic isolation. Rarely has 
isolation just long enough to produce a new 
species resulted in sufficient lack of crossa- 
bility to preclude hybridization if the geo- 
graphic barrier was subsequently removed. 
Introgression is observable in two different 
regions now and has probably played a sig- 
nificant role in the past. 


Literature Cited 

Apamovic, Luyo. 1909. Die Vegetation 
der Erde. XI. Die Vegetationsverhalt- 
nisse der Balkanlander. 567 pp. Engel- 
mann, Leipzig. 

ANDERSSON, ENarR. 1947. Pollen and seed 
setting studies of an asvndetic spruce and 
some normal spruces; and a progeny 
test of spruces. SvenskPapptidn. 50: 22 
pp. 

Bosrov, E. G. 1944. (A peculiarity of the 


flora of an erratic region.) ( Russian.) 


Sovetsk. Bot. (Leningrad) 1944: 3-20. 
Biol. Abstr. 19: 10026. 1945. 

Brown, C. A. 1938. The flora of Pleisto- 
cene deposits in the western Florida par- 
ishes, West Feliciana Parish, and East 
Baton Rouge Parish, Louisiana. La. 
Conserv. Dep. Geol. Surv. Bull. 12: 59- 
96. 

Bucvarp, C. 1946. Additions et corrections 
a Pétude du genre Picea. I. P. sikan- 
gensis Cheng. Trav. Lab. for. Toulouse 
3(2): 1-6. 

—_——— -- 1947. Quatre épicéas de la 
Chine centrale: P. ascendens, P. brachy- 
tyla, P. complanata, P. sargentiana. 
Trav. Lab. for. Toulouse 4(20): 1-10. 

CHENG, W. C. 1939. Les forets du Se- 
tchouan et du Si-kang oriental. Trav. 
Lab. for. Toulouse 1(2): 1-233. 

Dyakowska, J. 1952. (Pleistocene flora 
of Nowiny Zukowskie on the Lublin 
Upland.) (Czech.). Panstwowy Inst. 
Geol. Bull. 67: 115-181. 1952. Biol. 
Abstr. 27: 28200. 1953. 

EKLUNDH, Carin. 1943. Artkorsningar 
inom sl. Abies, Pseudotsuga, Picea, 
Larix, Pimus och Chamaecy paris, tillhé- 
rande fam. Pinaceae. Svensk. PappTidn. 
46: 55-61. 101-105, 130-133. 

Evwes, H. J., and A. Henry. 1906. The 
trees of Great Britain and Ireland. 1: 
1-200, illus. Edinburgh. 

1912. The trees of Great 
Britain and Ireland. 6: 1335-1651, illus. 
Edinburgh. 

Erprman, G. 1933. Gravens utbredning 
i Europa. Svensk bot. Tidskr. 27: 115- 
116. 

Farcri, K. 1950. Studies on the Pleisto- 
cene of western Norway. IV. On the 
immigration of Picea Abies (L.) Karst. 
Bergens Mus. Arbok Naturvidenskapelig 
Rekke 1950: 1-52. Biol. Abst. 24: 
22594. 1950. 

FENzEL, G. 1932. Report on forest re- 
gions of Fengtien and Kirin Provinces, 
Manchuria. Lingnan Sci. J. 11: 539- 
551. 


1933. Report on forest re- 


gions of Fengtien and Kirin Provinces, 
Manchuria. Lingnan Sci. J. 12: 11-28, 
illus. 

FUKAREK, Pav_e. 1950). (The recent area 
of distribution of P. omortca and some 
notes on its 1950 stands.) (Croatian, 
German summary.) Godisnj. biol. Inst., 
Sarajevo 3: 140-198. Biol. Abstr. 27: 
17736. 1953. 

GaussEN, H., and M. LacassaGne. 1930. 
Les épicéas du Kamtchatka. Soc. Hist. 
Nat. Toulouse Bull. 59: 190-202. 

Hatuipay, W. E. D., and A. W. A. 
Brown. 1943. The distribution of some 
important forest trees in Canada. Ecol- 
ogy 24: 353-373. 

HayasuHi, Y. 1952. The natural distribu- 
tion of important trees, indigenous to 
Japan. (Japanese, English summary.) 
Conifers Rpt. 2. For. Exp. Sta. Bull. 55, 
251 pp., illus. Meguro, Tokyo, Japan. 

HEIKINHEIMO, ©. 1949. (Results of 
provenance trials of spruce and pine in 
Finland). Commun. Inst. For. Fenn. 
37(2): 44 pp. (Finnish, English sum- 
mary.) For. Abstr. 12: 2691. 1951. 

HEIMBURGER, C. C. 1939. Notes on red 
spruce. For. Chron. 15: 226-227. 

Hu, Hsen-Hsu. 1934. Distribution of 
taxads and conifers in China. Proc. Fifth 
Pacif. Sci. Congr. Canada 4: 3273- 
3288. 

Hu Ten, Eric. 1937a. Flora of the Aleu- 
tian Islands and westernmost Alaska 
Peninsula with notes on the flora of the 
Commander Islands. Bokférlags Aktie- 
bolaget Thule. Stockholm, 397 pp. 

————. 1937b. Outline of the his- 
tory of Arctic and boreal biota during 
the Quaternary period. Bokférlags 
Aktiebolaget Thule. Stockholm, 168 pp. 

Iwata, TostHaru and Masao KusaKa. 
1952. Coniferae Japonicae illustratae. 
(In Japanese.) 228 pp. Sangyo Tosho 
Co., Ltd., Tokyo. 

Jounson, L. P. V. 1939. A descriptive 
list of natural and artificial interspecific 
hybrids in North American forest-tree 
genera. Canad. J. Res. C 17: 411-444. 


volume 1, number 4,1955 / 347 











— and C. C. HEIMBURGER. 
1946. Preliminary report on interspecific 
hybridization in forest trees. Canad. J. 
Res. C 24: 308-312. 

KANEHIRA, R. 1936. Formosan trees in- 
digenous to the island (revised). (Chi- 
nese, English summary.) 754 pp., illus. 
Dep. For., Govt. Res. Inst., ‘Taihoku, 
Formosa. 

KiELLAnpER, C. L. 1950. Polyploidy in 
Picea abies. Hereditas, Lund 36: 513- 
516. 

Komarov, V. L. 1902. (Coniferae of 
Manchuria.) (Russian.) Soc. Nat. St. 
Petersb. Trav. 32. Compt. Rend. 230- 
241. 

——_—. 1934. Flora U.R.S.S. Vol. 
1: 142-153. Leningrad. 

Korstian, C. F., 


spruce on cut-over and burned lands in 


1937. Perpetuation of 


the higher southern Appalachian moun- 
tains. Ecol. Monogr. 7: 125-167. 

Ku, C. C., and Y. C. CHEo. 1941. A pre- 
liminary survey of the forests in western 
China. Sinensia 12: 81-133. 

LacassaGNE, M. 1934. Etude morpholo- 
gique, anatomique, et systématique du 
genre Picea. Tray. Lab. For. Toulouse 
2(3), Art. 1, pp. 1-292. 

La Morre, R. S. 1952. Catalogue of the 
Cenozoic plants of North 
through 1950. Geolog. Soc. 
Mem. 51: 1-381. 

Lancner, W. 1952. Die Forschungss- 
tatte fiir Forstgenetik und Forstpflan- 
zenziichtung in Schmalenbeck. Z. Welt- 
forstwirt. 15: 15-18. 

Larsen, C. S. 1948. Arboretet i Horsholm 
og forstbotanisk have i Charlottenlund 
1948. Foéreningens for dendrologi och 
parkvard arsbok Lunstgarden 1947-48: 
1-76. 

Li, H. L. 1953. Present distribution and 
habitats of the conifers and taxads. Evo- 
lution 7: 245-261. 

Linpouist, B. 1948. The main varieties 
of Picea abies (L.) Karst. in Europe 
with a contribution to the theory of for- 
est vegetation in Scandinavia during the 


America 
Amer. 


348 / Forest Science 


last Pleistocene glaciation. Acta Horti 
Bergiani 14: 24-342. 

Lirrce, Expert L., Jr. 1953a. A natural 
hybrid spruce in Alaska. J. For. 51: 
745-747. 

—_————. 1953b. Check list of native 

and naturalized trees of the United 
States (including Alaska). U.S. Dep. 
Agric. Handb. 41. 472 pp. 

Ma, T. Y. 
of eastern Asia during the middle Pleis- 
tocene time. Acta Geol. Taiwanica 1: 
1-12. 

Maerz, A., and M. R. Pau. 1930. A 
dictionary of color. 207 pp. McGraw- 
Hill, New York. 

MarTINEz, Maximino. 1953. Las Pina- 
ceas Mexicanas. Secretaria de Agricul- 
tura y Ganaderia, Subsecretaria de Re- 


1947. Amount of emergence 


cursos. Forestales y de Caza, Mexico 
City. 362 pp. 

MELVILLE, R. 1950. Picea wilsonu. Cur- 
tis Bot. Mag. 167: tab 107, 4 pp., illus. 

MIyABE, ih, and Y. Kubo. 1932. Icones 
of the essential forest trees of Hokkaido. 
126 pp., illus. Tokyo. 

Munns, E. N. 1938. The distribution of 
important forest trees of the United 
States. U.S. Dep. Agric. Misc. Publ. 
287. 176 pp., illus. 

Nakal, T. 1919. Taxaceae et Coniferae 
in flora Coreano-Manshuricae novae. 
Jap. ye Bot. 2: 9-12. 

1941. Notulae ad_ plantas 

asiae orientalis (part 15). Jap. J. Bot. 

E72: Wst f. 

—_——. 1943. Notulae ad plantas 
asiae orientalis (part 26). Jap. J. Bot. 
19: 245-251. 

OxspyerG, E. 1953. Om Picea omortka. 
Skovfor. Tidsskr. 2: 179-192. 

Piavsic, J. 1938. Die Standorte von Picea 
omortka im siidlichen Drina-Gebiet. Ost. 
bot. Z. 87(2): 140-145. 1938. 

Rappe, Gustav. 1899. Die Vegetation 
der Erde. III. Grundziige der Pflanzen- 
verbreitung in den Kaukasuslindern von 
der unteren Wolga iiber den Manytsch- 
Schneider bis zur Scheitelflache Hochar- 


meniens. 500 pp. Engelmann, Leipzig. 

Raup, H. M. 1946. Phytogeographic 
studies in the Athabasca-Great Slave 
Lake region. II. J. Arnold Arbor. 27 
(1): 1-85. 

—. 1947. The botany of south- 
western Mackenzie. Sargentia No. 6. 
275 pp. Arnold Arboretum, Jamaica 
Plan, Mass. 

REHDER, A. 1939. & P. notha. J. Arnold 
Arbor. 20: 85. 

———. 1940. Manual of cultivated 
trees and shrubs. 996 pp. New York. 
———— and E. H. Wi son. 1914. 
Pinaceae. In Sargent, Plantae Wilson- 
ianae 2: 10-62. The University Press, 
Cambridge, Mass. 

SARGENT, C. S. 1898. Silva of North 
America 12: 1-144, illus. Houghton 
Mifflin, Boston and New York. 

——— ., 1922. Manual of the trees of 
North America. 910 pp. Houghton Mif- 
flin, Boston and New York. 

SauRAMO, M. 1942. Die Geschichte der 
Walder Finnlands. Geol. Rundschau 
32: 579-594. 

SCHMUCKER, T. 





1942. The tree species 
of the northern temperate zone and their 
distribution. Silvae Orbis 4: 1-156. 

SHIRASAWA, H., and M. Koyama. 1913. 
Some new species of Picea and Abies in 
Japan. Bot. Mag. ‘Tokyo a 127-132. 

SuRBER, Emit. 1950. (The understory 
spruces of the mixed deciduous forests in 
n.-e. Switzerland.) (German.) Mitteil. 
Schweiz. Anst. Forstl. Versuchswesen 
26: 635-681. Biol. Abstr. 26: 11011. 
1952. 

Tanc, T. 1931. Account of a botanical 
tour in Shansi. Fan Mem. Inst. Bull. 2 
(4): 45-63. 

Tena, S. C. 1947a. The forest regions of 
Kansu and their ecological aspects. 
Academia Sinica Bot. Bull. 1: 187-200. 


—— . 1947b. Silviculture of Kansu 
trees. Academia Sinica Bot. Bull. 1: 
221-242. 

————. 1947c. Studies of Chinese 
timber trees in reference to forest man- 
agement. II. Academia Sinica Bot. Bull. 


1: 309-321. 


—_——.. 1948. Forest geography of 


the east-Tibetan plateau. Academia 


Sinica Bot. Bull. 2: 62-66. 


THaaruP, P. 1945. Bastarden Sitkagran 


 Hvidgran. Dansk Skovforen. ‘Tidsskr. 
30: 381-384. 


‘TRAUNMULLER, J. 1952. (Spruce within 


the forest biocoenosis.) (German. ) 
Natur u. Land 38: 57-60. Biol. Abstr. 
26: 32274. 

Vasre, A. 1954. L’hybride Tsugo-Picea 
hookeriana et ses parents: etude des 
plantules. Trav. Lab. For. ‘Toulouse 
1(5) Art. 15. 8 pp. 

Van Campo-Dup tan, M., and H. Gaus- 
sEN. 1949. Sur quatre hybrides de genres 
chez les Abietinees. Soc. Hist. Nat. Tou- 
louse Bull. 84: 95-109. 

VasILJEV, V. N. 1950. (Far-eastern 
spruces of the section Omortka.) (Rus- 
sian.) Bot. Zh SSSR 35(5): 498-511. 
For. Abstr. 13: 104. 1951. 

Witson, E. H. 1916. The conifers and 
taxads of Japan. Arnold Arbor. Pub. 8: 
1-91. 

Wricut, J. W. 1953. Tree-breeding ex- 
periments by the Northeastern Forest 
Experiment Station 1947-50. U.S. For. 
Serv. Ntheast. For. Exp. Sta. Sta. Pap. 
56. 47 pp. 

YANAGISAWA, TosHI0o. 1954. (Fi hybrids 
between Picea jezoensis and P. glauca.) 
(Japanese, English summary.) Rin-go 
Shiken-Hokohu 70: 57-70. (Report of 
the Govt. For. Exp. Sta., Hokkaido 
Branch Sta. No. 2: 57-70. 


volume 1, number 4,1955 / 349 








INDEX TO VOLUME 1, FOREST SCIENCE, 1955 


Art.—article; rev.— 


review; art. (rev.)—review of article or book by. 


Authors are indicated by capitals and scientific names by italics. 


Ammate. Translocation of. art. 41 
ANDERSON, RALPH L. art. 38 
ARMSON, R. A. art. 210 
Aspen. Stem taper of trembling. 222 
BAKUZIS, E. V. art. (rev.) 36 
BEAN, JAMES L. art. 164 


Bedeutung der Fadenpilze als Sympbion- 
ten der Pflanzen fiir die Waldkultur, 
Die. rev. 1S 


5 
BINGHAM, R. T. art. 21 
Blister rust in cankers on white pine. A 
stain technique for diagnosing. art. 219 
BORMANN, F. H. art. 189 
BURGESS, P. S. art. 44 
CAMPBELL, ROBERT N, art. 265 
CARVELL, KENNETH L. art. 41 


Cedar, Greenhouse studies in mineral re- 
quirements of conifers: western red, art. 51 

Chlorosis, mycorrhizae and the growth of 

148 (188) 


pines on high-lime soil. art. 


CMU for forestry. Tests of. art. 246 
Committee on Interior and Insular Af- 
fairs. rev. 80 


Composite volume tables for timber and 
their application in the Lake States. 


rev. 239 
Construction of an aerial stand volume ta- 
ble for upland oak. art. 140 
Controlled pollination of eastern hem- 
lock. art. 115 
CORE, HAROLD A. art. (rev.) 40 
Cronartium ribicola, art. 38 
CUMMINGS, WILLIAM H. rev. 284 
Current status of oak wilt in the United 
States. The. art. 95 
DALE, JIM. art. 148 (188) 
DAUBENMIRE, R. art. (rev.) 129 
DAYTON, WILLIAM A. art. (rev.) 114 
DECKER, JOHN P. art. 88 
Deer and cattle range relations in Utah. 
art. 130 
Deer browsing on quality of hardwood 
timber in Michigan. Effect of. art. 61 
DEMMON, E. L. art. 3 
Dendrograph for recording radial changes 
of a tree. A new. art. 271 
DESCH, H. E., rev. 40 


350 / Forest Science 


escription and bionomics of a new rec 

Descripti nd bionomics of w red 
pine scale Matsucoccus resinosae. art. 

Development of compression wood in 
eastern white pine through use of cen- 
trifugal force. 

Douglas-fir plantation. Spacing tests in. 
art. 


ECHOLS, R. M. art. 

Economic approach to multiple use. An. 
art. 

Effect of burning on certain forest soils 
of northern Arizona. art. 

Effect of deer browsing on quality of 
hardwood timber in northern Michi- 
gan. art. 

Effect of interrupted dark period on 
growth of two tree species. art. 

Effects of turpentining on growth of 
slash pine,—first year results. art. 

ELLERTSON, BIRGER W. art. 

Endoconidiophora fagacearum Bretz. 
art. 95, 

European larch: its races, site require- 
ments and characteristics. The. art. 

Evaluation of three thinnings at Star 
Lake. art. 

EVERSOLE, KENNETH R. art. 

Evidence of races of Cronartium ribicola 
on Ribes. art. 


FALCK, RICHARD AND 
MARIANNE. rev. 

Forest biology dictionary. rev. 

Forest insect surveys. Sequential sam- 
pling in. art. 

Forestry and related research in North 
America. rev. 

Forestry dictionary. rev. 

Forest Science: a quarterly journal of re- 
search and technical progress. art. 

FOWELLS, HARRY A. art. 

FRENCH, DAVID W., art. 38, 

FRITTS, HAROLD & EDWIN. art. 

FULLER, W. H. art. 

Fungi associated with cull in redwood. 
art. 


Genetic control of oleoresin yield and 
viscosity in slash pine. art. 


164 


178 


14 
19 


44 


61 


193 


38 


195 
114 


68 


oo 


NS 


NN = 
- oO 
~_— VI WW Ww 


104 


19 


GESSEL, S. P. art 51 
GEVORKIANTZ, S. R. rev. 239 
GILL, LAKE §. art. 232 
GINGRICH, SAMUEL F. art. 140 
GLOCK, WALDO S§. rev. 129 
GODWIN, PAUL A. art. 164 
Greenhouse studies in mineral require- 

ments of conifers: western red cedar. 

art. 51 
GREGORY, G. ROBINSON, art. (rev.) 

80. art. 6 
Grundner and Schwappach Massentafeln 

(volume tables.) rev. 5 
HADDOCK, P. G. art. 51 
Hardwoods in Michgan. Effect of deer 

browsing on quality of northérn. art. 61 
Hardwood stands during a dry season. 

Soil water depletion by pine and. art. 258 
Height growth of loblolly pine seedlings 

in relation to seedling characteristics. 

art. 158 
Hemlock. Controlled pollination of east- 

ern. art. 115 
HEPTING, GEORGE H. art. 95 
HILDEBRANDT. GERD. rev. 318 
HOEKSTRA, P. E., art. 19 
HUBER, BRUNO. rev. 297 
HUMMEL, F. C. rev. 221 
JENKINS, B. C. art. 61 
JULANDER, ODELL., art. 130 
KAUFERT, FRANK H. rev. 284 
KELLER, TH. art. (rev.) 195 
KIMMEY, JAMES W., art. 104 
KRIEBEL, HOWARD B. art. 115 
LEAPHART, CHARLES D. art. 232 
Lesions associated with pole blight of 

western white pine. art. 232 
LEYTON, L. art. 210 
LIAKOS, L. rev. ° 157 
LIGHTLE, PAUL C. art. 104 
Liriodendron tulipifera L. art. 193 
LITSCHAUER, RISA VON. rev. 114 
LOOMIS, W. E. art. 148 
MAGUIRE, WILLIAM P. art. 277 
Manual of Malayan timbers. rev. 40 
Matsucoccus resinosae. art. 164 
McCOMB, A. L. art. 148 (188), 298 
MERGEN, FRANCOIS. art. 19 
MEYER, H. ARTHUR. art. 140 
Mikrotopographischer Atlas Mediterraner 

Halzer. rev. 297 
Mineral composition of the foliage in re- 

lation to the growth of Scots pine. art. 210 


Moisture 


tion by the oak wilt fungus. art. 


content of oaks and mat forma- 


Multiple use. An economic approach to. 
art. 
MUNNS, EDWARD M. art. (rev.) 


Mycorrhizae and the growth of pines on 


a high lime soil. Chlorosis. art. 148 ( 
NELSON, THOMAS C, art. 
Neodtprion spp. art. 

New dendrograph for recording radial 


changes of a tree. A. art. 


NIENSTAEDT, HANS. art. 


Oak. Construction of an aerial stand vol- 
ume table for upland. art. 

Oaks and mat formation by the oak 
fungus. Moisture content of. art. 

Oak wilt in the United States. The 
rent status of. 


OLSEN, L. P. rev. 


PARKER, JOHNSON. art. (rev.) 
PAUL, BENSON H. art. (rev.) 
PAULEY, SCOTT S. art. 
Photosynthesis as related to tolerance. 
uncommon denominator in. art. 


wilt 


cur- 


The 


Physical and economic foundation of nat- 
ural resources. The. rev. 

Picea spp. art. 

Pine. Effects of turpentining on growth 
of slash. art. 

Pine. Genetic control of oleoresin yield 
and viscosity of slash. art. 

Pine. Lesions associated with pole blight 
of western white. art. 

Pine. Mineral composition of the foliage 


in relation to the growth of Scots. art. 2 





95 
239 
297 
318 
244 


80 
319 


83 


Pine scale, Matsucoccus resinosae. De- 
scription and binomics of red. art. 164 
Pine seedlings in relation to seedling 
characteristics. Height growth of lob- 
lolly. art. 158 
Pine. Seed source trials of eastern white. 
art. 244 
Pine. Self-compatibility and effects of 
self-fertility in western white. art. 121 
Pines on high-lime soil. Chlorosis, mycor- 
rhizae, and the growth of. art. 148 (188) 
Pine super-seedlings—an exploratory 
study. Selection of. art. 111 
Pinus banksiana Lamb. art. 148 
Pinus echinata Mill. art. 189 
Pinus elliottii Engelm. art. 19, 82 
Pinus monticola Doug). art. 121, 232 
Pinus ponderosa Laws, art. 183, 288 
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Pinus taed 

Pole blight of westert 
Lesions associated with. art. 

Poor survival and the physiological condi- 
tioning of planting stock. art. 

Populus tremuloides Michx. art. 

PRESTON, STEPHEN B. art. 

Primary leaf as an indicator of physio- 

logic condition in shortleaf pine. The. 
art. 

Pseudotsuga menziesti, (P. taxifolia.) art. 

Quercus ellipsoidalis F. ). Hill. art. 


Radiation, surface temperature, and seed- 
ling survival, art. 
Range relations in Utah. Deer and cattle. 


igs 


Redwood. Fungi associated with cull in. 


art. 

REIFSNYDER, WILLIAM EF. art. 

REINEKE, L. H. art. 

Restauration des terrains au-dessus de la 
limite supérieure de la vegetation fo- 
resticte.. fev. 

Ribes. Evidence of races of Cronartium 
ribicola on, art. 

ROSS, HERBERT H. art. 

ROUSCHAL, CHRISTINE. rev. 


Sawfly genus Neodiprion. The taxonomy 
and evolution of the. art. 

Saws? Why joint. art. 

SCHOBER, R. rev. 

SCHOPMEYER, C. S. art. 

SCOTT, DAVID R. M. art. 

Seed source trials of eastern white pine. 
art. 

Selection of pine super-seedlings—an 
exploratory study. art. 

Self-compatibility and effects of self-fer- 
tility in western white pine. art. 

Sequential sampling in forest insect 
surveys. art. 

Sequoia sempervirens (D. Don) End. art. 

SHANNON, STANTON. art. 

Silviculture. General. (Obschshee 
Lesovodstvo). rev. 

SIMONEN, M. F. rev. 

Soil water depletion by pine and hard- 
wood stands durine a drv season, art. 

Spacing tests in a Douglas-fir plantation. 


art 
art, 


' Forest Science 


Species crossability in spruce in relation to 
distribution and taxonomy. art. 

SQUILLACE, A. E. art. 

SPURR, STEPHEN H. art. 244. art. 
(rev.) 5, 220, 2 

Stain technique for diagnosing blister rust 
cankers on white pine. A. art. 

Stem taper of trembling aspen. art. 

STOEHR, HENRY A. art. 

STONE, EDWARD C. art. 90, 

STUDHALTER, R. A. rev. 

Survival value of dew under laboratory 
conditions with Pinus ponderosa. art. 


SWITZENBERG, D. F. art. 


Taxonomy and evolution of the sawfls 
genus Neodiprion. The. art. 

Temperature and seedling survival. Ra- 
diation, surface. art, 

Tests of CMU for forestry. art. 

Thinnings at Star Lake. Evaluation of. 
art. 

Thuja plicata Donn. art. 

TKACHENKO, M. FE. rev. 

Translocation of ammate. art. 

Tree growth. rey. 

TSOUMIS, GEORGE T. art. (rev.) 

Tsuga canadensis (L.) Carr. 


Uncommon denominator in phytosynthe- 
sis as related to tolerance. The. art. 

Untersuchungen an Fichtenbestiinden 
iiber Zuwachs und Frtrag Reiner 
Holzsubstanz. rev. 


Vocabularium polyglottum vitae silvarum. 
rev. 

Volume-basal area line. The. rev. 

Volume table for upland oak. Construc- 
tion of an aerial stand. art. 

Volume tables for timber and their appli- 
cation in the Lake States. rev. 


WALKER, R. B. art. 

WATERMAN, ALMA M. art. 

WATERS, W. F. art. 

WENGER, KARL F. art. 

WHITMORE, FRANK W. art. 

Why joint saws? art. 

WILSON, F. G. art. 

Wind profiles in a small isolated forest 
stand. art. 

WOODS, FRANK W., art. 

WRIGHT, JONATHAN W. art. 319 


ZAHNER, ROBERT. art. 193, 258 
ZIVNUSKA, JOHN A. art. (rev.) 120 





Suggestions to Contributors 


An article submitted for publication should 
be the best the writer is capable of producing, 
with all statements, tables, quotations, names 
and formulas verified before submission. The 
careful author will have his typescript reviewed 
by colleagues. 

Articles should be typewritten, with 1%4- 
inch margins, on one side only of white bond 
paper, size 834 by 11 inches, or 8 by 10% 
inches. Carbon copies are not acceptable. All 
copy should be double-spaced. Pages should be 
numbered consecutively, preferably in the up- 
per right-hand corner. Only words intended 
to be set in italics should be underlined. 

Material such as equations that exceed 42 
spaces on the typewriter cannot be carried in a 
single line. Such material should either be set 
so that it can be broken into two or more lines, 
or should be presented in tabular form. 


Tables 


Each table should be typewritten on a sepa- 
rate sheet, given a title at the top, and should 
be numbered consecutively. Even if only one 


table is submitted, it should be designated 
Table 1. 


Footnotes used in tables should be designated 
by numerals, never by asterisks or other typo- 
graphical symbols. These footnotes should be 
typewritten as part of the table. 


Illustrations and Figures 


An illustration — whether a photograph, a 
line drawing, a map, or a graph — is desig- 
nated as a figure. A caption should be sub- 
mitted for each illustration, but the caption 
should be typewritten on a separate sheet. 

All figures should be numbered consecutive- 
ly. If only one is submitted it should be 
designated Figure 1. On the margin or back of 
each illustration should be written lightly in 
soft pencil the number of the figure, the name 
of the author, and an abbreviated title. 

Photographs should be sharp and clear, print- 
ed on glossy paper. They should not be smaller 
than 4 by 5 inches. Sizes 5 by 7 inches and 
8 by 10 inches are preferable. Photographs 
should never be rolled or bent. Care should be 
taken in fastening photographs with paper clips 
which often make indentations that show up 
in reproduction. 

Drawings, maps, charts, and graphs are re- 
produced as line engravings. They should be at 
least twice as large as they are to appear when 


reproduced, and should be drawn in india ink 
on heavy white paper, or tracing cloth. 


Footnotes 


To indicate a footnote, place a superior fig- 
ure after the word that refers to the note. 
Consecutive numerals should be used, never 
asterisks. Separate the footnote from the text 
by running a line about one inch inward from 
the left margin of the type. 

Use footnotes to give credit to unpublished 
material and communications. If only a few 
references to literature are made (less than one 
per 1000 words), complete literature citations 
may be given in footnotes rather than in a 
separate listing. 


Literature Cited 


In Forest Scrence practice, references to 
literature citations are designated by the au- 
thor’s name and year of publication inserted in 
parentheses at the appropriate place in the text. 
If there are more than two authors, list only 
the senior author’s name in the text with the 
abbreviation ¢¢ al. Example: (Smith ¢¢ al., 
1954). Only published references should be 
given in Literature Cited. Periodical abbrevi- 
ations should follow Guide to the use of For- 
estry Abstracts, Commonwealth Forestry Bu- 
reau, Oxford, England, 1950. 


Nomenclature and Terminology 


When a species is first mentioned in a paper 
its common name may be immediately followed 
by its italicized scientific name in parentheses, 
but this latter name need not be repeated. 

As the authority for the exact spelling of 
tree names, Forest Scrence follows Check 
List of Native and Naturalized Trees of the 
United States (including Alaska), Agriculture 
Handbook 41, Forest Service, U. S. Dept. 
Agric., Washington, D. C., 1953. 

For the spelling of other plant names, con- 
tributors should follow Standardized Plant 
Names, 2d Edition, J. Horace McFarland 
Company, Harrisburg, Pa. 1942. 

Technica] usage in forestry and allied fields 
follows Forestry Terminology, 2d Edition, So- 


. ciety of American Foresters, Washington 6, 


D. C. 1950. 

There are many style manuals available for 
the guidance of writers. One of the best is the 
Style Manual of the U. S. Government Print- 
ing Office, Washington 25, D. C. 1953. 

Webster’s New International Dictionary is 
the accepted authority for general spelling. 
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